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ABSTRACT 
AN SGA APPROACH TO DISCOVER cdc13-1ts SUPRESSORS. 
Telomeres, the DNA-protein complexes at the end of eukaryotic chromosomes, are 
essential for chromosomal stability. In yeast, the telomeric single-strand binding 
protein Cdc13p has multiple important roles related to telomere maintenance: 
• telomeric "capping" - protection of telomeres by forming complexes with 
yKu70/80 and with Stn1p/Ten1p; 
positive regulation of telomere replication via interaction with Estlp, which is a 
part of telomerase; 
• negative regulation of telomerase by the recruitment of telomere elongation 
suppressors Stnlp and Tenlp. 
In an attempt to identify genes that are involved in the deleterious outcome of an 
absence of Cdc13p, we screened the yeast gene knock-out library for genes that 
could suppress the growth defect of cdc13-1 cells at 33°C. For this purpose, we 
performed an SGA array experiment. We scored for the ability of double mutant 
haploids to grow at 33°C. Eventually, we hoped to find the elusive genes involved in 
telomere 5'-end processing (exonucleases). 
Based on the comparative analysis of growth properties of the strains (23°C vs 
33°C), the initial screen identified up to 111 genes that displayed an apparent growth 
at 33°C. In order to verify these results, diploids were regenerated, sporulated, 
microdissected, and haploid double mutants cdc13-1 yfgA were isolated from 38 
potential cdc13-1 suppressors. Unfortunately, this verification failed to reproduce a 
suppression of the growth defect by any of the selected genes at any temperature. 
While disappointing, the results reemphasize that careful re-examination of large 
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scale SGA approaches are indispensable before going on to more involved 
experimentation. 
SIMILARITIES AND DIFFERENCES BETWEEN ADAPTATION TO DNA DOUBLE-
STRAND BREAK AND TO TELOMERE UNCAPPING IN YEAST Saccharomyces 
cerevisiae. 
It was previously shown that a certain proportion of telomerase negative survivor 
cells (both type I and type II cells) is able to survive in the absence of the telomere 
capping protein Cdc13p. These strains (named A13s) were characterized in great 
detail and one of their discovered features was a striking ability to continuously 
inactivate DNA-damage checkpoints. Based on structural similarities between DNA 
double strand breaks (DSB) and unprotected telomeres, we attempted to verify if the 
molecular mechanisms regulating adaptation to a single irreparable DSB also 
regulate adaptation to a loss of Cdc13p. For this purpose we created three tldA 
cdc13A strains also harboring DSB adaptation related mutations tidlA, ptc2A and 
rfa1-t11. After deprotection of their telomeres, mutant survivor cells showed similar 
cell cycle progression patterns as compared to the cells where a single irreparable 
DSB was introduced. Adaptation defective mutants tidlA and ptc2A demonstrated an 
inability to adapt to telomere uncapping and to resume cell cycle. Interestingly, cells 
harboring the rfa1-t11 allele, which was reported to suppress adaptation defects of 
other mutations, did not show any distinguishable phenotype in terms of initial 
adaptation to telomere deprotection; i.e. rfa1-t11 mutant survivors do escape the 
G2/M arrest and re-enter the cell cycle. However, all three mutant survivor strains 
failed to produce viable A13 capping independent cells, which is consistent with the 
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hypothesis that adaptation to loss of Cdc13p depends on the same pathway as the 
previously reported adaptation phenomenon. 
Finally, we report the surprising finding that if cells had once experienced an adapted 
A13 state, they will re-produce capping negative survivors much more readily. Thus, 
while a culture of type II survivor cells generates A13s at a rate of about 1x10~5 
events per division, cells that had been A13s and re-transformed with a Cdc13p 
carrying plasmid will produce capping independent cells at about 1x10"2 events per 
division. We are currently examining why these cells re-generate A13 cell lines more 
readily and suspect structural differences in telomere terminal sequence 
arrangements. 
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RESUME 
UNE APPROCHE SGA POUR DECOUVRIR DES SUPPRESSEURS DE cdc13-1 
Les telomeres, complexes nucleoproteiques situes aux extremites des chromosomes 
eucaryotes, sont essentiels a la stabilite chromosomique. Chez la levure, la proteine 
Cdc13p liant la partie simple-brin des telomeres joue plusieurs roles importants dans 
la maintenance des telomeres: 
capuchon telomerique - protection des telomeres par la formation de complexes 
avec yKu70/80 et avec Stn1p/Ten1p; 
- regulation positive de la replication telomerique par I'interaction avec Estlp, I'un 
des constituants de la telomerase; 
regulation negative de la telomerase par le recrutement des suppresseurs de 
I'elongation des telomeres Estlp et Tenlp. 
Dans le but d'identifier des genes impliques dans les effets nefastes due a I'absence 
de Cdc13p, j'ai crible la banque de souches de levure «knock-out» a la recherche de 
genes qui pourraient supprimer le defaut de croissance de cellules cdc13-1 a 33°C. 
En effet, j'ai analyse la capacite des doubles mutants haplo'ides a pousser a 33°C. 
J'esperais ainsi trouver les genes elusifs impliques dans la degradation de I'extremite 
5' des telomeres (exonucleases). 
En se basant sur I'analyse comparative des proprietes de croissance des souches 
(23°C vs 33°C), le criblage initial a identifie 111 genes dont I'absence permettait une 
croissance apparente a la temperature restrictive de 33°C. Parmi ces 111 candidats 
j'ai retenu les 38 genes codant pour des proteines dont la presence dans le noyau a 
ete demontree. Dans le but de verifier les resultats du criblage initial j'ai regenere les 
diplo'ides par croisement. Les souches diplo'ides ont ete sporulees, microdissequees 
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et les souches haplo'ides doubles mutants cdc13-1 yfgA ont ete isolees pour les 38 
suppresseurs potentiels. J'ai encore une fois evalue les proprietes de croissance des 
doubles mutants cdc13-1 yfgA en les comparant avec celles du mutant simple cdc13-
1. Malheureusement, la verification n'a pas reproduit les resultats du criblage initial. 
Le defaut de croissance de cdc13-1 n'a ete supprime par I'absence d'aucun gene et 
ceci quelle que soit la condition de temperature. 
Malgre leur issue negative, les resultats soutiennent la necessite d'un reexamen 
detaille du criblage SGA a grande echelle avant de s'en aller vers des 
experimentations plus approfondies. 
SIMILITUDES ET DIFFERENCES DE L'ADAPTATION A UNE CASSURE DOUBLE 
BRIN DE L'ADN ET A LA PERTE DU CAPUCHON TELOMERIQUE CHEZ LA 
LEVURE Saccharomyces cerevisiae. 
II a ete precedemment demontre qu'une certaine proportion des cellules survivantes 
telomerase-negatives (de type I et type II) sont capables de survivre dans les 
conditions d'absence de la composante principale du capuchon telomerique, la 
proteine Cdc13p. Les souches deficientes en capuchon telomerique (appelees A13) 
ont ete caracterisees en detail et une des proprietes decouvertes a ete leur frappante 
capacite a inactiver leur point de controle de dommage a I'ADN d'une fagon continue. 
En me basant sur les similarites structurales entre la coupure double brin de I'ADN et 
les telomeres non proteges, j'ai essaye de verifier si les mecanismes moleculaires 
regulant I'adaptation a une coupure double brin unique et irreparable de I'ADN 
regulent aussi I'adaptation a la perte de Cdc13p. Dans ce but, j'ai construit trois 
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souches tldA cdc13A en deletant dans chacune un des genes responsables de la 
regulation de I'adaptation a une cassure double brin unique : tidIA, ptc2A et rfa1-t11. 
Apres la deprotection de leurs telomeres les cellules survivantes mutantes 
montraient un patron de progression de leur cycle cellulaire similaire a celui de 
cellules mutantes dans lesquelles une cassure double brin unique de I'ADN a ete 
introduite. Les mutants deficients en adaptation tidIA et ptc2A se sont reveles 
incapables de s'adapter a la perte du capuchon telomerique et de retablir la 
progression du cycle cellulaire. Les cellules portant rfa1-t11,1'allele dont la capacite a 
supprimer les defauts d'adaptation d'autres mutants a ete publiee, n'a demontre 
aucun phenotype detectable en terme d'adaptation initiale apres la perte de 
protection telomerique; i.e. les survivants mutants rfa1-t11 s'echappent de I'arret 
G2/M et retablissent leur cycle cellulaire. 
Par contre, aucune des trois souches mutantes survivantes n'a ete capable de 
generer des cellules A13 capuchon independantes viables. Ce resultat correle avec 
I'hypothese selon laquelle I'adaptation a la perte du capuchon telomerique depend de 
la meme voie metabolique que le phenomene d'adaptation a une cassure double brin 
unique de I'ADN decrite precedemment. 
Je decris finalement une decouverte surprenante: les cellules ayant ete exposees 
une fois a I'etat de perte du capuchon telomerique (I'etat A13) reproduiront des 
survivants capuchon-independants beaucoup plus facilement. Ainsi, alors qu'une 
culture de cellules de survivant de type II genere des cellules A13 au taux d'environ 1 
x 10"5 evenement par division cellulaire, les cellules A13 qui ont ete retransformees 
avec un plasmide exprimant cdc13-1 reproduisent des cellules capuchon 
independantes au taux d'environ 1 x 10"2 evenement par division cellulaire. 
XIV 
Je soupgonne que ce phenomene existe grace a des rearrangements de sequences 
terminales telomeriques dans les cellules A13. Cette hypothese est actuellement 
etudiee dans notre laboratoire. 
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INTRODUCTION 
1. Historical Preamble 
The term telomere originates from two words: TEAOC; (fe/os) and uepo<; (meros), which 
in Greek mean respectively "an end" and "a part". This term was first proposed by the 
geneticist Hermann J. Muller in the 1930's of the last century (Muller, 1938). Working 
with chromosomes of the fruit fly (Drosophila melanogaster) at the Edinburgh Animal 
Genetics Institute, he had just observed that the ends of the irradiated chromosomes, 
in contrast to ends elsewhere in the genome, did not present alterations such as 
deletions or inversions, thanks to the presence of a protective cap that he called 
«terminal gene» and afterwards «telomere». Just a few years later, Barbara 
McClintock, an investigator from the University of Missouri, who was dedicated to the 
study of corn genetics (Zea mays), described how rupture of chromosomes resulted 
in adhesion and fusion of their ends, with the consequent formation of dicentric 
chromosomes (McClintock, 1941). She demonstrated that regardless of this damage, 
the ends could be restored thanks to the acquisition of new telomeres. According to 
her conclusions, telomeres play a crucial role in the integrity of the chromosomes, 
since they prevent the appearance of «break-fusion-bridge» cycles which are 
catastrophic for cellular survival. 
These studies founded the basis for the idea that the chromosome terminal 
fragments - telomeres - ought to have features distinguishing them from DNA 
extremities resulting from DNA double-strand breaks. Later studies confirmed this 
idea and led to discovery of specialized protective DNA-protein complexes located at 
the ends of eukaryotic linear chromosomes. 
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2. Telomere Structure 
2.1. Telomeric DNA 
In most eukaryotes, chromosome terminal regions consist of three distinct regions 
(Figure 1): 
- subtelomeric regions (DNA sequence immediately adjacent to telomeric 
repeats and stretching towards the centromere) 
- telomeric regions perse, where one can distinguish between double stranded 
DNA(dsDNA)and 
- single stranded DNA area (ssDNA). 
Figure 1. Organization of telomeric DNA in different eukaryotes. Adopted from 
(Chakhparonian and Wellinger, 2003) 
To C9ittoffl«e 
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Scheme is not to scale. " C corresponds to cytosine-rich strand; "G" corresponds to 
guanine-rich strand. Subtelomeric region varies from one organism to the other and 
can contain repetitive elements. 
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In this study I have used Saccharomyces cerevisiae as a model organism. This 
budding yeast is a very convenient organism for molecular biology and genetic 
studies. It can be readily manipulated genetically and biochemically and is easy to 
grow in the laboratory. Additionally, telomere structure and function are highly 
conserved amongst eukaryotes (see below) and therefore, any results obtained with 
yeast may be applicable to other eukaryotes, including humans. Therefore, I will 
focus my discussions on molecular aspects of telomere protection using budding 
yeast Saccharomyces cerevisiae as a model. 
2.1.1. Subtelomeric Regions 
In the yeast Saccharomyces cerevisiae, subtelomeric DNA comprises distinct 
elements called Y' and X separated by irregular telomere-like repeats TG1.3/CAL3. 
(Chan and Tye, 1983a; Chan and Tye, 1983b; Louis and Haber, 1992; Walmsley ef 
a/., 1984). Y' element(s) comprise the most proximal part of subtelomeric regions. 
Two types of Y' elements can be found on S. cerevisiae chromosomes. They differ in 
length - 6,7 kb and 5,2 kb - but are very conserved in sequence. Not all of S. 
cerevisiae chromosome ends possess Y' elements: while about 30% of yeast 
telomeres lack Y' elements completely, on the rest of them, 1 to 4 Y' elements can be 
found arranged in tandem (Chan and Tye, 1983b). The exact roles of Y' elements in 
yeast cell life are not yet known. Elevated levels of homologous recombination was 
documented for this region, and such events play an important role in existing yeast 
subtelomeric region variability (Louis and Haber, 1990a; Louis and Haber, 1990b; 
Louis and Haber, 1992). 
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A high level of homologous recombination in subtelomeric areas also has great 
importance for telomere maintenance in the absence of telomerase (Lundblad and 
Blackburn, 1993) and this phenomenon will be discussed in detail below. Y' elements 
also contain an ARS (origin of replication) consensus site (Chan and Tye, 1983a; 
Louis, 1995). These ARSs can fire in the S phase of the cell cycle but do not seem to 
be essential as chromosomes having no Y' elements or artificial chromosomes 
lacking terminal ARSs are capable of replicating successfully (Wellinger and Zakian, 
1989). 
X elements are present in just one single copy per chromosome extremity and 
located on telomeres immediately after Y' element towards the centromere (Louis, 
1995; Louis et al., 1994). X elements are rather variable, both in size (from 0,3 to 
3.75 kb) and in sequence (Biessmann and Mason, 1992; Chan and Tye, 1983a; 
Zakian and Blanton, 1988). There is just one small 475 bp conserved sequence 
element which is characteristic of all X elements on all chromosomes (Louis, 1995). 
This sequence is referred to as the 'core' X element. Just as for Y'-elements, 'core' X 
contains an ARS consensus (Brand et al., 1987) as well as binding sites for two 
essential proteins - Tbflp (unknown function) and Abflp (involved in transcriptional 
regulation and replication) (Liu and Tye, 1991). Besides being involved in allowing 
telomere maintenance in the absence of telomerase, yeast subtelomeric regions are 
believed to play some role in nuclear architecture (Gotta er al., 1996; Hediger et al., 
2002; Taddei and Gasser, 2006; Taddei et al., 2004). 
2.1.2. Double-stranded Telomeric DNA 
The first telomeric DNA sequence determined was that of a ciliated protozoan called 
Tetrahymena thermohila (Blackburn and Gall, 1978). This study revealed that 
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telomeric DNA of T. thermophila consists of 50 to 70 repetitions of the sequence 
TTGGGG/CCCCAA. Further, it was shown that the strand running 5' to 3' towards 
the chromosome end consists of tandem repeats TTGGGGG, and the CCCCAA 
repeats constitute the complementary strand oriented 3' to 5'. Nowadays, the 
sequences and structures of telomeric DNA are known for many organisms (Table 1). 
As one can see from the Table 1, in the majority of organisms, telomeric DNA is 
comprised of short repetitive sequences organized in tandem. The strand running 5' 
to 3' usually is rich in guanines and therefore is referred to as G-strand, as opposed 
to the complementary 3' to 5' strand, rich in cytosine and referred to as C-strand 
(reviewed in Chakhparonian and Wellinger, 2003)). Due to the semi-conservative 
nature of DNA replication, the G-rich telomeric strand is always a product of leading 
strand synthesis, while the C-rich is the result of lagging strand synthesis. From 
Table 1 we can also derive that in some taxa the telomeric repeats are perfectly 
regular (e.g. Protozoa, Nematoda, most of Vertebrata), while in others, they comprise 
different degrees of irregularity (e.g. Fungi). 
In the budding yeast Saccharomyces cerevisiae, the telomeric repeat sequence is 
irregular (TGKeTGzVCz-sAtCA)^ (Shampay et al., 1984; Wang and Zakian, 1990). 
The number of telomeric repeats varies greatly between organisms. The range is 
from as little as 14 bp in Ciliata and reaching 100 kpb (kilo bp) in mouse (Kipling and 
Cooke, 1990; Klobutcher et al., 1981). The length of the repeat arrays can also vary 
between chromosomes of the same organism. For instance, in S. cerevisiae the 
irregular telomeric repeat sequence form telomeres of variable lengths of about 300 ± 
75 bp (Shampay et al., 1984). 
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Table 1. The sequence of telomeric repeats of the strand running 5'-3' towards 
the end of the chromosomes. 
Organism Sequence of repeats Reference 
Protozoa 
Tetrahymena 
Oxytricha 
Euplotes 
Trypanosoma 
Nematode 
Caenorhabditis 
elegans 
T2G4 
T4G4 
T4G4 
T2AG3 
T2AG2i 
Fungi 
Saccharomyces (TG)i-e(TG)2-3 
Schizosacharomyces T2ACA1-0C0-1G1 
Candida 
Kluyveromyces 
Plant 
Arabidopsis 
Vertebrata 
Homo sapiens 
Mus sp. 
most of the other 
vertebrates 
ACG2ATGTCTA2(CT2)2G2TGT 
ACG2AT3GAT2AG2TA(TG)2(GT)2 
T3AG3 
T2AG3 
T2AG3 
T2AG3 
(Blackburn and Gall, 1978) 
(Klobutcherefa/., 1981) 
(Klobutcherefa/., 1981) 
(Blackburn and Challoner, 
1984) 
(Cangiano and La Volpe, 
1993) 
(Shampayefa/., 1984) 
(Sugawara and Szostak, 
1986) 
(McEachern and Hicks, 1993) 
(McEachern and Blackburn, 
1994) 
(Richards and Ausubel, 1988) 
(Moyzisefa/., 1988) 
(Kipling and Cooke, 1990) 
(Meyneefa/., 1989) 
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2.1.3. The Single Stranded 3' Extremity 
An extension of the strand making up the 3'end (G-rich strand) has been detected in 
all organisms studied so far. Therefore, a G-rich single-stranded (ss) overhang has 
been proposed to be a conserved chromosome-terminal structure (Makarov et al., 
1997; McElligott and Wellinger, 1997). However, the length of the overhang differs 
significantly from one taxon to the other (see Fig.1). In the ciliates Tetrahymena, 
Oxytrichia and Euplotes, the ss 3' extension is very short and varies between 14 and 
16 nt (Henderson and Blackburn, 1989; Klobutcher er al., 1981; Pluta et al., 1982). 
Some recent studies showed that in Tetrahymena, the majority of telomeres have ss 
overhangs of 14-15 or 20-21 nt in length, and the length of these extremities varies 
very little throughout the cell cycle (Jacob et al., 2001). Similarly, in the yeast S. 
serevisiae, the 3' strand extensions are about 12 to 15 nt, but can measure up to 25-
30 nt at the end of S phase (Larrivee et al., 2004; Wellinger et al., 1996; Wellinger et 
al., 1993b). In humans, it was shown that telomeres retain G-strand overhangs 
throughout the cell cycle and their length varies between 150 and 350 nt depending 
on cell type (Makarov et al., 1997; McElligott and Wellinger, 1997; Wright et al., 
1997). Lately, Cimio-Reale et al., using a method based on the ligation of telomeric 
oligonucleotides hybridized to non-denatured DNA under stringent conditions showed 
that lengths ranging from 108 to 270 nt represented only 37% of the whole molecule 
population, while 56-62% were <90 nt. At the same time they have detected G-rich 
regions >400 nt in length (Cimino-Reale et al., 2001). However there were conflicting 
data on the distribution of G-rich ss tails on the telomeres. Makarov and colleagues, 
using a "primer extension/nick translation" technique, suggested that 80% of human 
chromosome extremities possess G-rich overhangs (Makarov et al., 1997). On the 
other side, Wright and colleagues obtained evidence for an asymmetry of human 
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chromosome ends. According to their data, one terminus of the same chromosome 
has a long G-rich extension, but the opposite one has a shorter G-tail (<12 nt) 
(Wright et al., 1997). Later, the Wright and Shay group reported data invalidating the 
above conclusion and showed that 3' overhangs on both leading (G-rich) and lagging 
(C-rich) strand ends were established very quickly after replication (Wright et al., 
1999). The authors also suggested that leading-telomere overhangs were shorter 
than lagging-telomere overhangs (Wright et al., 1999), a conclusion supported by 
later observations (Chai et al., 2006). Such a view is also supported by studies in 
budding yeast showing differential processing of leading- and lagging-strand ends in 
strains lacking Rad27p endonuclease (Parenteau and Wellinger, 2002). This 
conclusion was supplemented with the idea that the overhangs at the leading and 
lagging-strand daughter telomeres are generated differently in human cells, and 
telomerase may preferentially affect overhangs generated at the telomeres produced 
by leading-strand synthesis (Chai et al., 2006). 
The same group also discovered that the vast majority of telomeric C strands end 
with the sequence CCAATC-5' (Sfeir et al., 2005), which strongly suggests that in 
human cells, C strand processing is very strictly regulated (Sfeir et al., 2005). 
2.2. Telomeric Heterochromatin 
In budding yeast and in humans, subtelomeric regions are organized into 
nucleosomes in a similar way as the rest of the chromosome. However, the most 
distal parts of the chromosomes are organized in a specific non-nucleosomal 
chromatin referred to as the telosome (Lejnine et al., 1995; Tommerup et al., 1994; 
Wright et al., 1992). 
Telomeric chromatin consists of proteins falling into three groups: 
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- dsDNA binding proteins; 
proteins associated with telomeres via interaction with other proteins; 
- ssDNA binding proteins and the telomeric cap. 
2.2.1. dsDNA Binding Proteins 
Raplp is a protein bound to dsDNA in S. cerevisiae and it plays a major role in 
telomere homeostasis (Conrad et a/., 1990). Its orthologs have been characterized 
for different organisms, for example TRF1 and TRF2 for humans (Chong et al., 1995) 
or Tazlp for S. pombe (Cooper et al., 1997). They all bind the species specific 
repeats of telomeric dsDNA. RAP1 is an essential gene and Rap1 p, a protein of 827 
aa, is required for repression and activation of several genes (Shore, 1994), as well 
as for telomere length regulation (Shore, 1997). At the telomeres, Raplp binds 
specifically the duplex sequence TG^/C^A (Conrad et al., 1990; Gilson et al., 1993; 
Konig et al., 1996; Wright and Zakian, 1995) using its highly conserved Myb domains 
located in the centre of the molecule. Raplp plays a negative role in telomere 
regulation via recruitment of Rif proteins and provides Telomere Positioning Effect 
(TEP) via recruitment of Sir proteins (Tham and Zakian, 2002)) (discussed below). 
Recent studies elucidated the positive role of Rpalp protein in hiding the DSBs 
adjacent to the telomere from checkpoint detectors and exonucleolytic activity 
(Negrini etal., 2007). 
Another protein binding to the dsDNA portion of telomeres is the yKu protein complex 
(Gravel et al., 1998). yKu is a heterodimer composed of two proteins: yKu70p and 
yKu80p (reviewed in Dynan and Yoo, 1998) and (reviewed in Featherstone and 
Jackson, 1999). The yKu heterodimer binds with high affinity to ds extremities, 
independently of their sequence or structure (Blier et al., 1993; Feldmann and 
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Winnacker, 1993; Paillard and Strauss, 1991). It plays a crucial role in double strand 
break (DSB) repair vial non-homologous end joining (NHEJ) in both Mammalia and 
yeast (Jones et al., 2001) and protects their telomeres against uncontrolled 
homologous recombination events (Boulton and Jackson, 1996; Celli et al., 2006; 
Featherstone and Jackson, 1999). 
The domain organization of Ku proteins is very well conserved in both lower an 
higher eukaryotes (Downs and Jackson, 2004), which could suggest homology 
between yeast yKu and mammalian Ku heterodimers (Downs and Jackson, 2004). 
In S. cerevisiae the yKu heterodimer is associated with telomeres in vivo (Gravel et 
al., 1998). Cells lacking yKu show various telomere related phenotypes: shorter 
telomeres (Porter et al., 1996) abnormally elongated ss G-tails (Gravel et al., 1998) 
altered expression of genes located in proximity to telomeres (Boulton and Jackson, 
1996; Gravel et al., 1998; Laroche et al., 1998), an elevated level of telomere-
telomere recombination, as well as temperature sensitivity (Polotnianka et al., 1998). 
In yeast, the NHEJ function of yKu is mediated by a conserved a-helix on the yKu70 
surface, while its role in telomere maintenance is provided by a distinct surface on 
the yKu80 subunit (Ribes-Zamora et al., 2007). Besides interacting with telomeres, 
yKu also interacts with telomerase via the telomerase RNA component TLC1 
(Peterson etai, 2001; Stellwagen etal., 2003). 
In mammalian cells Ku plays an important role in NHEJ (Fukushima et al., 2001; 
Pierce et al., 2001), and there is evidence that Ku associates with telomeres in 
mammalian cells as well (d'Adda di Fagagna et al., 2001; Hsu et al., 2000). However, 
in humans, the heterodimer Ku70/Ku86 does not bind telomeric DNA directly but 
rather interacts with TRF1 (Hsu et al., 2000). Although there are differences in the 
phenotypes observed when comparing mammalian and yeast cells lacking Ku, it 
does play a role in protection and maintenance of telomeres in both higher and lower 
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eukaryotes. While the primary function of yeast Ku is to counteract exonucleases and 
inhibit telomere-telomere recombination (Maringele and Lydall, 2002; Nugent et al., 
1998; Polotnianka et al., 1998), loss of Ku in human cells leads to deregulation in 
telomere length and genomic instability (Myung et al., 2004). In human cells, the Ku 
complex was shown to mediate telomere end fusions at both unprotected telomeres 
(Smogorzewska et al., 2002) and critically short telomeres (Espejel et al., 2002). 
More recent data however reveal a critical role for mammalian Ku in suppression of 
homologous recombination at dysfunctional telomeres in addition to its known 
function in promoting telomere fusions (Celli et al., 2006). 
2.2.2. Proteins Associated With Telomeres Via Protein-Protein 
Interactions 
As mentioned above, Raplp can interact, via its C-terminus, with Rif (Rap1 
Interacting Factor) proteins - Riflp and Rif2p (Hardy et al., 1992; Wotton and Shore, 
1997). The complex Raplp, Riflp and Rif2p plays an important role in negative 
regulation of telomere length (Levy and Blackburn, 2004). Riflp and Rif2p are 
functionally very similar. Mutation of either RIF gene results in moderate telomere 
elongation. However, deletion of both RIF1 and RIF2 in the same cell results in a 
dramatic increase in telomere length (Hardy et al., 1992; Wotton and Shore, 1997). 
Additionally, overexpression of either RIF1 or RIF2 leads to significant telomere 
length decrease (Wotton and Shore, 1997). 
The C-terminal domain of Raplp can also interact with Sir proteins (Moretti et al., 
1994). Members of this family, in particular Sir2p, Sir3p and Sir4p, are responsible for 
TPE (Telomere Position Effect) (Aparicio et al., 1991). In yeast, the essence of TPE 
is the repression of the expression of genes located in proximity of telomeres 
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(Gottschling et ai, 1990; Tham and Zakian, 2002). It was shown that in the cells 
where SIR2, SIR3, SIR4 as well as YKU70 and YKU80 are deleted, TPE is almost 
completely abolished (Aparicio et ai, 1991; Mishra and Shore, 1999). 
2.2.3. ssDNA Binding Proteins And The Telomeric Cap. 
In yeast, Cdc13p specifically binds the ss 3' extremities T G ^ (Lin and Zakian, 1996; 
Nugent et ai, 1996). It binds to this substrate with very high affinity and it is found 
bound at all the telomeres in vivo (Bourns et ai, 1998; Tsukamoto et ai, 2001). Being 
sequence specific, Cdc13p also shows a certain level of affinity to ss human 
telomeric repeats in vivo, but this affinity is estimated to be 10 times weaker as 
compared to yeast T G ^ repeats (Alexander and Zakian, 2003; Lin and Zakian, 1996; 
Nugent et ai, 1996). This essential protein of 925 aa has two identified domains: a 
Recruitment Domain (RD) and a DNA Binding Domain (DBD) (Anderson et ai, 2002; 
Mitton-Fry et ai, 2002). Cdc13p binds to telomeric ssDNA via the DBD and requires 
a minimal sequence of 11 nt: dGTGTGGGTGTG (Hughes et ai, 2000b). The 
Recruitment Domain of Cdc13p serves for telomerase recruitment, providing an 
important role of Cdc13p in telomere replication (Pennock et ai, 2001). 
Stn1 and Ten1 are proteins interacting with Cdc13p and are very important 
components of the telomere cap (Gao et ai, 2007). It is thought that these three 
proteins together (Cdc13p, Stnlp and Tenlp) create the first and the most important 
line of defense against exonucleolytic degradation of chromosomes termini (Gao et 
ai, 2007; Grandin et ai, 2000; Grandin et ai, 2001b; Grandin et ai, 1997; Martin et 
ai, 2007; Pennock et ai, 2001). 
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2,3. Telomere Structure In Yeast and Humans 
Human proteins TRF1 and TRF2 are factors binding to ds telomeric repeats T2AG3 
(Chong et al., 1995). They play a central role for human telomeric chromatin 
elaboration as they interact with various other proteins forming complexes (reviewed 
in Smogorzewska and de Lange, 2004)). Unlike its yeast ortholog Raplp, human 
hRapl interacts with telomeric DNA indirectly via TRF2 (Li et al., 2000). A major 
structural difference between human telomeres as compared to those of yeast was 
discovered via electron microscopy. Human telomeres appear to form loops, referred 
to as t-loops (telomeric-loop) (Griffith et al., 1999). The formation of t-loops is 
possible due to an invasion of the 3' ss G-rich extremity into ds telomeric repeats, 
where it finds complementary sequence, displacing the T2AG3 strand (Figure 2). 
Figure 2. Telomere spatial structures in human and yeast. Adopted from (Vega 
era/., 2003) 
Schematic representation of telomere organization in humans (a) and yeast (b). The 
blue line represents G-strand; the black line represents C-strand. Non-telomeric DNA 
is shown as a red line. More details are explained in the text. Telomere associated 
proteins are depicted as yellow polygons. 
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Similar telomeric structures were found in Mus sp., in chicken Gallus gallus, in pea 
Pisum sativum, in the ciliate Oxytricha, and in the protozoan Trypanosoma (Cesare 
and Griffith, 2004; Munoz-Jordan et al., 2001; Murti and Prescott, 1999; Nikitina and 
Woodcock, 2004). Such structural similarity in a broad spectrum of taxa, suggests an 
evolutionary conservation of the t-loop structure. Surprisingly, t-loops have not yet 
been detected in yeast (reviewed in de Lange, 2004), but this could be due to their 
short ss 3'-overhangs or the short telomeres which would not loop as easily. Yet, 
there is evidence to suggest, that yeast telomeres form at least a sort of loop-back 
structure (de Bruin et al., 2001; Strahl-Bolsinger et al., 1997) (Figure 2). 
3. Telomere Functions 
Telomeres are essential for genome stability in all organisms with linear 
chromosomes. The specific roles include: 
- Chromosome end protection 
Distinguishing chromosome ends from damaged DNA (DSB) 
- Chromosome end replication 
- Architectural support in the nucleus 
- Regulation of replication initiation timing 
Regulation of transcription 
I shall discuss the first three of the above mentioned functions as they are the most 
pertinent for understanding my experimental work. 
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3.1. Telomeres As Guards Of Chromosomes 
3.1.1. The Telomeric Cap Protects Against Exonucleases 
Telomeres protect eukaryotic chromosomes from exonucleolytic degradation with the 
aid of the telomeric cap. In the budding yeast S. cerevisiae, the main component of 
the telomeric cap is the essential protein Cdc13p (see above). Garvik et al. 
discovered the protective role of Cdc13p using a strain containing a temperature 
sensitive allele of CDC13, called cdc13-1 (Garvik er al., 1995). Exposed to a 
restrictive temperature above 28°C, cdc13-1 mutant cells suffer severe degradation 
of the 5' C-rich strand reaching the subtelomeric region and resulting in a rapid 
accumulation of 3' G-rich ssDNA. Accumulated ssDNA is detected by the Rad9p 
dependent checkpoint machinery (see "DNA DSB and DNA Damage Checkpoint"), 
the G2/M checkpoint is activated and the cell cycle arrested (Weinert and Hartwell, 
1993). In these conditions, yeast cells suffer progressive chromosome instability and 
subsequent cell death (Garvik et al., 1995). It was suggested that Cdc13p bound to 
ss G-rich extremity protects the C-rich strand from degradation by one or several 
exonucleases (Nugent et al., 1996). Later, the interaction of two other essential 
proteins, namely Stnlp and Tenlp, with Cdc13p was shown to be absolutely required 
for efficient telomere protection (Grandin et al., 2000; Grandin et al., 2001a). Indeed, 
the loss of function of either of these proteins leads to the same phenotype as cdc13-
1ts mutant at restrictive temperature - C-strand degradation and Rad9p dependant 
G2/M arrest (Grandin er al., 2001a). The necessity of direct interaction between 
Cdc13p and Stnlp was shown in experiments with recombinant proteins in which the 
DNA binding domain of Cdc13p was fused to Stnlp. Introduction of such 
recombinant proteins into a strain where CDC13 was deleted allowed the cells to 
recover viability (Pennock et al., 2001). 
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Interestingly, C-strand degradation appears to be cell cycle dependent and regulated. 
(Vodenicharov and Wellinger, 2006; Vodenicharov and Wellinger, 2007). Abolishing 
the protective function of the essential capping proteins Cdc13p or Stnlp causes 
telomere degradation in G2/M, but not in G1 of the cell cycle. (Vodenicharov and 
Wellinger, 2006). Completion of S phase and the activity of the S-Cdk1 kinase are 
required for telomere degradation. (Frank et al., 2006; Vodenicharov and Wellinger, 
2006; Vodenicharov and Wellinger, 2007). Cdk1 regulated nucleolytic activity is 
required for the generation of 3' single-strand overhangs at both native and de novo 
telomeres in normally functioning cells (Frank et al., 2006; Vodenicharov and 
Wellinger, 2006; Vodenicharov and Wellinger, 2007). 
Proteins functionally similar yeast Cdc13p are present in a wide variety of organisms 
(reviewed in Lange, 2001; Smogorzewska and de Lange, 2004). For example, a 
protein binding telomeric ssDNA in Schizosaccharomyces pombe is called spPotl 
(Protection Of Telomere) and this protein is also essential for telomere stability 
(Baumann and Cech, 2001). The deletion of the spPotl gene leads to rapid telomere 
degradation, loss of telomeric DNA and to chromosome circularization (Baumann and 
Cech, 2001). All the Cdc13p-like proteins (TEBPs in Ciliata (Gottschling and Cech, 
1984; Gottschling and Zakian, 1986), AtPotl and AtPot2 in Arabidopsis (Shakirov et 
al., 2005) , cPotl in chicken (Wei and Price, 2004), two distinct Pot1 proteins in 
mouse (Hockemeyer et al., 2006) and hPotl in human (Baumann et al., 2002)), 
share very limited sequence homology, but are very conserved at the structural level 
of their DNA binding domain (Mitton-Fry et al., 2002; Smogorzewska and de Lange, 
2004). All these proteins recognize G-rich ss overhangs and protect the telomeres 
against C-strand degradation thereby preserving chromosome integrity and genome 
stability (Smogorzewska and de Lange, 2004). 
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3.1.2. Hiding Chromosome Ends From Homologous 
Recombination 
Yeast cells primarily use homologous recombination to repair damaged DNA, 
particularly DNA ds breaks (DSBs). In order to protect chromosome termini against 
homologous recombination events, telomeres should not be recognized as damaged 
DNA (DSB in particular). Therefore, it is thought that telomeric chromatin is structured 
in a way such that chromosome ends are hidden from proteins whose role is to 
detect DSBs, initiate checkpoint activation and subsequent cell cycle arrest (reviewed 
in Longhese, 2008; Lydall, 2003)). In fact the very first observations on telomeres 
made by Muller and McClintock were the results of this feature of telomeres. Studies 
in S. cerevisiae showed that telomeres are essential for hiding chromosome ends 
from RAD9 dependent cell cycle arrest (Sandell and Zakian, 1993). These 
experiments were performed with a haploid strain harbouring two copies of 
chromosome VII (a so called disome) and in one of the chromosome VII homologues, 
a telomere could be removed in a controllable fashion. Such an elimination of one 
telomere led to cell cycle arrest (Sandell and Zakian, 1993). This experiment proved 
that telomeres are essential to allow the cells to distinguish between intact 
chromosome ends and a DSB. 
3.2. Chromosome End-Replication 
3.2.1. End Replication Problems 
The transition from a circular genome of Procariota to linear chromosomes of 
Eukaryota created a problem, often referred to as "end replication problem". This 
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problem was first formally formulated in the beginning of 1970* of the last century 
(Olovnikov, 1973; Watson, 1972). The origin of the problem lays in the bidirectorial 
nature of DNA duplex molecule and the uniderectorial action of conventional DNA 
polymerases. They are able to polymerise new strands only in the 5' to 3' direction 
(Watson, 1972). In addition, without a primer conventional DNA polymerases are 
unable to start polymerization. 
Figure 3. Telomere replication model. Adopted from (Kelleher ef a/., 2002). 
Partmtal strands 
SerrHconservatn/e 
DNA replicatwn 
<yxyxyxy)C0(X)00Cw3 
Lagging s'rand' :e*omofo 
b. + 
Loading strand" telomere 
O O C S O Q O O O Q O O G 1 * Loss of 3'overhang 
Resection ol 
the 5' end? 
a. Parental stands before chromosome replication by conventional DNA 
polymerases. The G-rich 3'ss overhang is present. 
b. After the passage of replication fork, two different 3' extremities are created: 
lagging strand 3' extremity (light green) and leading strand 3' extremity (red). RNA 
primers of lagging strand are represented by dark green arrows. Leading strand 
telomeres lose the 3' overhang since a blunt end is created. 
c. The 5' end of the leading strand telomeres is processed in order for a regeneration 
of the 3' overhang. 
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During the replication of the lagging strand, the synthesis of Okazaki fragments is 
primed by short (8-12 nt) RNA primers, which are removed at a later stage. Removal 
of the most terminal RNA primer leaves the gap of at least 8-12 nt, which can not be 
filled (Lingner et al., 1995; Zakian, 1995). Additionally, the model of semi-
conservative replication predicts that telomeres of leading strands will be in the form 
of a blunt end (Figure 3). It was also shown that 3' overhangs are present at both 
ends of a chromosome, due to C-rich 5'-end degradation by exonucleases (Makarov 
et al., 1997; Wellinger et al., 1996). A model depicting the above is presented in the 
Figure 3. 
Only a few rounds of replication without restoration of telomeric repeats could shorten 
the telomere critically, leading to degradation of coding DNA, genetic instability and 
eventually to cell death (Biessmann and Mason, 1988; Lundblad and Szostak, 1989; 
Singer and Gottschling, 1994). 
3.2.2. Telomerase 
The solution to the end replication problem was found in 1985. The telomerase 
enzyme was discovered in Tetrahymena (Greider and Blackburn, 1985). The 
telomerase holoenzyme consists of an RNA-moiety and a reverse transcriptase as its 
main elements, plus some other associated proteins. As in other organisms, the 
telomerase RNA TLC1 in S. cerevisiae (Figure 4) contains a sequence that serves as 
a template for the extension of the 3' G-rich strand of the telomeres (Feng et al., 
1995; Shippen-Lentz and Blackburn, 1990; Singer and Gottschling, 1994). 
In budding yeast, telomerase consists of the TLC1 RNA subunit (Singer and 
Gottschling, 1994), Est2p, the reverse transcriptase catalytic subunit (Counter et al., 
1997), proteins Estlp and Est3p (Hughes et al., 2000a; Lendvay ef al., 1996; Lin and 
19 
Zakiah, 1995; Stejner et al., 1996), as well as the Ku heterodimer (yKu70p/yKu80p) 
(Peterson et al., 2001) and Sm7 protein complex (Seto et al., 1999). 
Figure 4. Telomerase components in yeast. Adopted from (Kelleher et al., 2002). 
Saccharomyces cerevisiae telomerase. The protein subunits are discussed in the 
text. 
Concomitant interaction of the Ku heterodimer with telomeres and with TLC1 assures 
the presence of telomerase at the yeast telomere throughout the cell cycle (Fisher et 
al., 2004). Telomerase is recruited to the 3' end of the telomere via a direct 
interaction between the ss DNA binding protein Cdc13p and Estlp in late S phase 
(Evans and Lundblad, 1999; Evans and Lundblad, 2002; Taggart er al., 2002). For 
yeast, the RNA component (TLC1) and reverse transcriptase (Est2p) are sufficient for 
telomerase activity in vitro (Cohn and Blackburn, 1995; Counter et al., 1997). 
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However, the presence of all of the above proteins is required in vivo (Cohn and 
Blackburn, 1995; Lingner et a/., 1997; Singer and Gottschling, 1994) 
3.2.3. How Telomerase Elongates Telomeric Repeats. 
Telomerase is responsible for proper telomere replication elongating the 3' strand via 
a reverse transcription type reaction (Greider and Blackburn, 1985; Lingner et a/., 
1995; Nakamura and Cech, 1998). Telomerase uses its RNA component (see above) 
as a template for telomeric DNA synthesis (Singer and Gottschling, 1994; Yu et a/., 
1990). 
Figure 5. The telomerase reaction cycle. Adopted from (Kelleher et a/., 2002) 
Different states of the reaction are represented. Telomerase is positioned at 3' 
extremity of a telomere (state 1). Telomere binding involves base-pairing with the 
RNA template (state 2). In every reverse transcription cycle, one telomeric repeat is 
added (state 3). The 5' boundary of the template is the position where the telomeric 
substrate is most likely to either dissociate (state 4 to 1) or translocate (state 4 to 2) 
to the other end of the template. 
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The 3' extension-elongation takes place in late S phase of the cell cycle (Wellinger ef 
al., 1993a; Wellinger ef al., 1993b), at least in yeast. The reaction cycle is done in a 
multistep way, represented in Figure 5. Three stages of the elongation reaction can 
be distinguished (Kelleher ef a/., 2002): 
- Annealing the telomerase RNA component with the 3' G-rich strand; 
- polymerization; 
- translocation (in mammals) or dissociation (in yeast) from telomere 
In Mammalia, telomere repeats addition is carried out in a similar way as in S. 
cerevisiae. The enzyme responsible for telomere elongation is also called telomerase 
and contains, at least in part, similar components as the yeast enzyme, such as hTR 
the RNA component. It provides the template for reverse transcriptase and the 
hTERT protein catalyzes nucleotide addition (Counter ef al., 1997; Feng ef al., 1995; 
Harrington ef al., 1997a; Harrington ef al., 1997b; Meyerson ef al., 1997; Nakamura 
etal., 1997). 
Human telomerase is active in germline cells and stem cells, but its activity is 
suppressed in somatic cells (Blackburn, 1992; Wright ef al., 1996). Interestingly, 
telomerase activity is reactivated in the majority of cancerous cells and in 
immortalized cell lines (Counter ef al., 1992; Kim ef al., 1994; Shay and Bacchetti, 
1997; Shay and Wright, 1996). 
3.3. Telomere Length Regulation 
In all organisms with a constitutively active telomerase the length of telomeres 
remains stable. Therefore, we know that telomere length is tightly controlled, 
presumably by a number of mechanisms that remain to be determined. In yeast, not 
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all telomeres are elongated at the same time; telomerase acts on only a small portion 
of telomeres during one cell cycle (Teixeira et al., 2004). In addition, there is 
accumulating evidence that telomerase shows a preference for elongating shorter 
telomeres (Arneric and Lingner, 2007; Hector et al., 2007; Teixeira et al., 2004; 
Viscardief a/., 2007). 
As mentioned above, the members of the telomeric cap, Cdc13p, Stnlp and Tenlp 
play a very important role in the regulation of G-rich strand elongation by telomerase 
(Grandin et al., 2001a; Grandin et al., 1997). The interaction between Cdc13p and 
Stnlp has been shown to play an inhibitory role for G-rich strand elongation by 
telomerase (Chandra et al., 2001; Grandin et al., 1997). Furthermore, a S. cerevisiae 
strain harbouring a cdc13-5 allele shows very long telomeres and ss 3' extensions. 
The same phenomena were observed in a strain mutant for STN1 (Grandin et al., 
1997). In the case of overexpression of Stnlp in cdc13-5 cells, the long telomeres 
phenotype was suppressed, indicating that the inhibitory effect Cdc13-Stn1p-Ten1p 
complex on telomere elongation is due to its Stnlp subunit (Chandra et al., 2001). 
It is also believed that Cdc13p participates in telomerase recruitment onto telomeres 
during S phase via a direct interaction with the essential telomerase component 
Estlp (Lustig, 2001; Pennock et al., 2001; Qi and Zakian, 2000). After the G-rich 
strand is elongated by telomerase and the complementary strand is synthesized, the 
ds telomeric region has increased in length, providing for new binding sites for 
telomere specific proteins such as Raplp. Marcand et al. showed that after creation 
of sufficient binding sites for Raplp (from 10 to 20 molecules per one telomere) 
further telomere elongation in inhibited (Marcand et al., 1997). According to this 
model, once the optimal number of Raplp molecules are bound to a particular 
telomere, telomerase activity is inhibited, possibly via the telomere adopting some 
structure preventing telomerase access to its substrate. Conversely, should telomere 
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shortening result in less Raplp molecules bound, this inhibitory structure is 
disassembled and telomerase access is permitted (Marcand et al., 1997). 
This model is supported by data showing extreme heterogeneity of telomere length in 
cells where Raplp is lacking its C-terminal domain required for protein-protein 
interactions at telomeres (Kyrion et al., 1992). Raplp binding proteins Riflp and 
Rif2p are also involved in negative regulation of telomere length. Deletion of either of 
above the Rif proteins results in length increases, while deletion of both Rif proteins 
results in an synergistic effect and telomere length increases dramatically (Kyrion et 
al., 1992; Sussel et al., 1995). In such cases of abnormal telomere extension, 
another mechanism of telomere homeostasis regulation can be revealed. This 
mechanism is referred to as Telomere Rapid Deletion (TRD). Using TRD, cells very 
quickly are able to shorten overelongated telomeres to their normal length. This 
mechanism is based on a single step telomere deletion, followed by 3' G-rich strand 
elongation and is conserved from yeast to mammals (Lustig, 2003). 
4. Life After Loss Of Telomerase 
Although telomerase is a major way to maintain the telomeres in Eukaryota, it is not 
the only way. A well described example of telomerase-independent telomeric DNA 
maintenance is the fly Drosophila melanogaster. In Drosophila, telomeres are 
maintained via transposition of telomere specific retrotransposons (Biessmann and 
Mason, 1997). In other insects such as the mosquito Anopheles and dipteran 
Chironomus, telomeres are maintained via telomere-telomere recombination 
pathways (Lopez et al., 1996; Roth et al., 1997). In the alga Chlorella, both 
telomerase-dependent and telomerase-independent pathways of chromosome end 
maintenance are present (Higashiyama et al., 1997). 
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The above examples show that telomerase is prevalent, but not the sole solution to 
the telomere maintenance problem. Therefore, it would be logical to expect the 
discovery of secondary, auxiliary pathways of telomere maintenance. The biological 
value of such pathways would be as a back-up means of telomere maintenance, 
should telomerase fail to function properly in organisms that normally rely on 
telomerase. Indeed, such pathways for normally telomerase-dependant eukaryotes 
were discovered some twenty years ago (Bernards et al., 1983; Dunn ef a/., 1984; 
Walmsley ef a/., 1984). 
If yeast cells such as S. cerevisiae, S. pombe, or K. lactis, lose telomerase in one 
way or another, virtually all cells eventually die. However, the cell population does 
have a grace period, since telomerase loss first causes only a loss of about 5 bp per 
generation per telomere (Lundblad and Blackburn, 1993; Lundblad and Szostak, 
1989; McEachern and Blackburn, 1996; Nakamura ef a/., 1997). This means that it 
takes approximately 60 to 100 generations before the telomeres lose functionality 
and due to the ensuing genomic instability, the cells stop growing (Hackett et a/., 
2001). However, invariably, there are cells that overcome this growth limitation and 
they are referred to as telomerase-independent survivors (Teng and Zakian, 1999). 
These cells maintain their telomeres via mechanisms relying on recombination (Chen 
et al., 2001; Huang et a/., 2001; Le et al., 1999; Lendvay et al., 1996; Lundblad and 
Blackburn, 1993; Teng and Zakian, 1999; Teng et al., 2000). These mechanisms are 
virtually all dependent on the Rad52p protein (Chen et al., 2001; Huang et al., 2001; 
Le et al., 1999; Lendvay et al., 1996; Lundblad and Blackburn, 1993; Teng and 
Zakian, 1999; Teng et al., 2000). 
Two types of survivors can be distinguished, depending on the kind of telomere 
rearrangements the cells have undergone: survivors type I and survivors type II (Le 
ef al., 1999; Lundblad and Blackburn, 1993; Teng and Zakian, 1999). 
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Type I survivors are characterized by heavily amplified subtelomeric Y' elements. 
Both, short and long Y' elements are amplified. The numbers of Y' elements in type I 
survivors can be more than 100 times higher compared to telomeres in wt cells (Le et 
a/., 1999; Lundblad and Blackburn, 1993; Teng and Zakian, 1999). Even telomeres 
that normally do not possess Y' elements acquire Y' elements, despite the fact that in 
wt cells, interchromosomal Y' element exchange is a rare event (Horowitz and Haber, 
1985). Telomeric repeats per se are very short in type I survivors (Le et a/., 1999; 
Lundblad and Blackburn, 1993; Teng and Zakian, 1999), rarely reaching more than 
100 bp. Nevertheless, they show high stability and do not shorten throughout the 
course of multiple generations. Supposedly, they originate from C^A/TG^ repeats 
separating the Y' elements. 
It is very important to mention that beside Rad52p, type I survivors require Rad51p, 
Rad54p and Rad 57p proteins for growth (Chen et a/., 2001; Le et a/., 1999). Cells of 
type I survivors have a stable population of extrachromosomal circular DNA, 
containing one or two repetitions of Y' elements (Larrivee and Wellinger, 2006). 
These circles seem to be mostly double stranded structures. It is however probable 
that some of them could be partially single stranded structures, as they are 
susceptible to degradation by mung bean nuclease (Larrivee and Wellinger, 2006). 
Mung bean nuclease is a single-strand-specific enzyme known to be able to nick and 
degrade ss circular DNA, but not dsDNA (Kowalski et a/., 1976; Sambrooke, 1989; 
Sung and Laskowski, 1962). 
Type II survivors do not amplify their Y' elements, but have very long and 
heterogeneous telomeres, consisting only of canonical C^^ATTG^ repeat sequences 
generated via homologous recombination. The telomeric repeat tracts of type II 
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survivors can be as long as 12 Kb (Teng and Zakian, 1999). Still being dependent on 
Rad52p, type II survivors do not require Rad51p, but do depend on the MRX complex 
members: Rad50p, Mre11p, Xrs2p, as well as the recombination repair protein 
Rad59p and the DNA helicase Sgslp (Chen et a/., 2001; Cohen and Sinclair, 2001; 
Huang et a/., 2001; Le et a/., 1999). Type II survivors are stable over time, but their 
telomeres display dynamic changes in length, i.e. they continuously shorten and 
lengthen (Teng and Zakian, 1999). An analysis of the structures of the telomeric 
termini in type II survivors revealed that they possess relatively normal 3' extensions 
(Larrivee and Wellinger, 2006). In addition, it was shown that cells of type II survivors 
have extrachromosomal circular DNA, consisting of telomeric repeats C^^MTG^ 
only. These circular DNA fragments proved to be at least partially single stranded 
circles (Larrivee and Wellinger, 2006). 
Survivor types differ in terms of growth rates on plates, as well as in liquid cultures. It 
takes just slightly longer for type II survivors to form colonies on agar plates 
comparing to wt cell (Teng and Zakian, 1999). In contrast, type I survivors take 
significantly longer to form colonies (Teng and Zakian, 1999). It was also observed 
that liquid cultures of type I survivors can end up as type II survivors (Teng and 
Zakian, 1999). It is thought that type I survivors might convert into type II survivors, 
and as the latter proliferate significantly faster, the culture ends up with predominantly 
type II survivor cells (Teng and Zakian, 1999). The reintroduction of functional 
telomerase into survivors suppresses recombination activity in telomeric areas and 
cells gradually restore telomeres to their initial wt length (Teng and Zakian, 1999). 
Type I survivors restore their telomeres to the wt state much faster than type II 
survivors. (Lundblad and Blackburn, 1993; Teng and Zakian, 1999). 
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There are several models for how survivors are first generated. Although they are all 
based on homologous recombination, there are clear differences in the details of the 
mechanisms (see Figure 6). The first model is based on the Break Induced 
Replication (BIR) phenomenon. During BIR, ssDNA strand (derived from a broken 
chromosome) finds a homologous region on another chromosome, invades it, and 
forms a D-loop that migrates down the template (Formosa and Alberts, 1986) (Figure 
6). Subsequently, a second strand is synthesized and the chromosome is repaired 
(Kraus et a/., 2001; McEachern and Haber, 2006) (Figure 6A). Since telomeric 
repeats have a very high degree of similarity even between non-homologous 
chromosomes, this mechanism is very likely to be used in budding yeast S. 
cerevisiae for telomere maintenance in telomerase defective survivors (Hackett et a/., 
2001). The BIR mechanism is dependent on Rad52p, but could be independent of 
Rad51p (Kraus et a/., 2001; McEachern and Haber, 2006) (see Figure 6). 
Horowitz and Haber have shown that Y' containing extrachromosomal circular DNA 
can form in wt yeast cells. Although being a very rare event, such circles can 
recombine with other telomeres (Figure 6 B). This is believed to be a mechanism of 
Y' element interchromosomal migration (Horowitz and Haber, 1985). As it was shown 
that both types of survivors possess stable extrachromosomal circular DNA (Larrivee 
and Wellinger, 2006), it appears reasonable to assume that reintegration of such 
circular DNA into telomeres using homologous recombination is another pathway of 
telomere maintenance in telomerase defective cells (Larrivee and Wellinger, 2006). 
The presence of extrachromosomal circles in survivors does also support a "roll and 
spread" model (McEachern and Haber, 2006) (Figure 6 C). According to this model, 
circular DNA consisting either of Y' (for type I survivors) or of telomeric repeats (for 
type II survivors) serves as a template for rolling circle BIR, resulting in 3' extremity 
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elongation followed by complementary strand synthesis (McEachern and Haber, 
2006). 
In humans the majority of cancerous cells immortalise via reactivation of their 
telomerase (Shay and Bacchetti, 1997). However, quite a significant proportion of 
tumour cells immortalise without reactivation telomerase (Bryan et al., 1995). Such 
cells use a homologous recombination pathway to maintain their telomeres, and this 
pathway is referred to as Alternative Lengthening of Telomeres (ALT) (Bryan et al., 
1997). ALT tumour cells have very heterogeneous telomeres which are much longer 
than in the normal cells. They can reach up to 50 kb (Henson et al., 2002). The exact 
mechanisms of ALT are still to be revealed and the genes implicated in this process 
are not known due to the complexity of genetic analyses in mammalian cells. 
However, there is some evidence that ALT resembles the mechanisms operating in 
yeast S. cerevisiae survivors (Dunham et al., 2000). 
Figure 6. Possible mechanisms of telomerase-independent telomere 
maintenance in yeast. 
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Schematic representation of possible mechamisms. Details are explained in the text. 
G-rich strand is represented in blue; C-rich strand is represented in red. 
A. BIR contribution to telomere maintenance in telomerase-independent survivors of 
both types. 
B. Contribution of extrachromosomal circular DNA integration. A possible mechanism 
of circular DNA origin is schematised on the right: the telomere folds back, the G-rich 
strand invades the ds telomeric region and forms a displacement-loop (D-loop). 
Possible cleavage (indicated by red arrows) and ligation can subsequently liberate an 
extrachromosomal circular DNA which could be used for direct integration. 
C. Contribution of Rolling-Circle-Replication. A possible mechanism of circular DNA 
origin is schematised on the right: same as for "B". Extrachromosomal circular DNA 
could be used as a template template for rolling-circle replication. 
5. Life After Loss Of Cdc13p. 
In budding yeast, the Cdc13p protein plays a core role in telomere capping and it is 
considered to be absolutely essential. Complete removal of this core element should 
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lead to total telomere dysfunction, subsequent chromosome degradation leading to 
the cell death (see above). This is the case for the majority of cells, including 
telomerase defective post-senescence survivors. 
However, recently it was discovered that a certain number of cells do survive such a 
dramatic telomere decapping and form telomerase- and CDC13-independent 
survivors (Larrivee and Wellinger, 2006; Petreaca et al., 2006; Zubko and Lydall, 
2006). Zubko and Lydall have shown that neither Cdc13p nor its partner Stn1 are 
necessary for telomere capping if nucleolytic pressure on uncapped telomeres is 
abolished (Zubko and Lydall, 2006). Petreaca et al., demonstrated that 
overexpression of Tenlp and a truncated version of Stnlp efficiently removes the 
necessity of Cdc13p (Petreaca et al., 2006). In the work of Larivee and Wellinger, it 
was proven that a certain number of telomerase-negative survivors of both type I and 
type II are able to generate Cdc13p independent survivors, referred to as A13s (A13-I 
for type I survivors and A13-II for type II survivors) (Larrivee and Wellinger, 2006). It 
is important to stress that unlike in the work of Zubko et al., and Petreaca et al., A13 
cells arise in cell populations where no proteins are artificially induced or any 
exonucleolytic activity depleted. These telomerase- and capping-independent 
survivors (A13s) demonstrate some features similar to their ancestors - type I and 
type II survivors. However they do acquire some new phenotypes. A13-I cells still 
possess the extrachromosomal circular DNA composed of Y' elements, but the 
terminal telomeric repeats per se could not be detected anymore (Larrivee and 
Wellinger, 2006). A13-II inherit both long heterogeneous telomeric repeats and ss 
telomeric circles, but additionally acquire circular DNA built of Y'-elements and the 
telomeres display long ss 3' telomere extensions (Larrivee and Wellinger, 2006). On 
the other hand, the ss G-rich circles in A13-II do not seem to be stable. The amount 
of this DNA in the A13-II cells diminishes in the course of generations. It was 
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suggested that the absence of Cdc13p binding and protecting this type of DNA could 
be the cause of its gradual disappearance (Larrivee and Wellinger, 2006). Therefore 
it is possible that as the availability of telomeric circles is gradually reduced, Y' 
circular DNA is more and more frequently used as a template for telomere 
maintenance via homologous replication. Eventually this will lead to A13-II cells being 
converted into A13-I after multiple generations (Larrivee and Wellinger, 2006). 
6. Dangerous Transformation From Telomere To DSB. 
One of the primary roles of telomeres is to distinguish chromosome ends from DNA 
Double Strand Breaks (DSB). In particular, this role can be defined as hiding the 
chromosome termini from DNA damage detectors and preserving the cell cycle from 
arrest. 
6.1. DNA DSB And DNA Damage Checkpoints. 
The integrity of DNA has vital importance for cell survival. The molecule of DNA, 
being a very significant part of the chromosome, is rather fragile and often suffers a 
various lesions caused by a broad spectrum of damaging agents: from highly reactive 
cell metabolites to external high energy radiation (Weinert and Hartwell, 1988). Due 
to the complications of its repair, a DSB can be considered as the most serious kind 
of DNA lesion. This type of DNA damage can be caused by free radicals (products of 
cell metabolism) or ionizing radiation (external factor). 
Failure to repair DSB or inadequate DSB restoration may result in chromosome loss 
(Sandell and Zakian, 1993) or in multiple types of chromosome aberrations 
(Paulovich et al., 1997b). In order to secure proper DNA DSB repair before 
replicating and segregating the genome, the cell activates a mechanism called the 
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"DNA damage checkpoint" (hereafter referred to as the "checkpoint"). The activation 
of the checkpoint assures proper damage detection, initiation of repair and cell cycle 
slow-down or arrest (reviewed in Harrison and Haber, 2006; Lowndes and Murguia, 
2000; Zhou and Elledge, 2000). The basic factors and mechanisms of the checkpoint 
are well conserved through evolution and are intensely scrutinized in the budding 
yeast S. cerevisiae. In this organism, three checkpoints were described (Paulovich et 
al., 1997a; Siede et al., 1994; Siede et al., 1993; Weinert and Hartwell, 1988). Each 
checkpoint has its own pathway that recognizes the presence of damaged DNA and 
stops progression of the cell cycle. 
For example, the G1/S checkpoint senses the presence of DNA damage in G1 
phase. It will delay the transition from G1 to S phase and most importantly, it will 
prevent DNA replication (Siede et al., 1994; Siede et al., 1993). 
The intra-S checkpoint stalls replication in progress and delays late origin of 
replication firing in case of detecting DNA damage during replication (Paulovich et al., 
1997a). This checkpoint is particularly concerned with errors or stalling of the 
replication fork (Myung and Kolodner, 2002; Paulovich et al., 1997a). 
The G2/M checkpoint prevents transition from G2 into mitosis in order to assure that 
chromosomes segregation is only initiated with complete complements of chromatids 
(Weinert and Hartwell, 1988). 
The efficient functioning of the checkpoint is assured by a three step mechanism: 
sensor-> signal-> effector. 
Two proteins are responsible for initial DNA damage detection (aka sensoring) in S. 
cerevisea: Medp and TeUp (Figure 7A) (reviewed in Rouse and Jackson, 2002a). 
Orthologs of Medp and TeUp with similar function exist in many organisms, 
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including humans. For the latter, these orthologs are ATR (Ataxia Telangiectasia and 
Rad3 related) and ATM (Ataxia Telangiectasia Mutated). Both proteins are 
serine/threonine-specific protein kinases recruited and activated by DSBs (reviewed 
in Durocher and Jackson, 2001; Rouse and Jackson, 2002a; Viscardi et a/., 2005). 
Both Medp and Tellp belong to the PIKK (phosphatidil-inositol 3-kinase-like protein 
kinase) family. Their functions are partially redundant, but Medp is an essential 
protein, while Tellp is not (Abraham, 2001; Lowndes and Murguia, 2000; Lustig and 
Petes, 1986). Medp is absolutely required for initiation of G1, S and G2/M 
checkpoints and the role of Tellp is considered to be minor (Clerici et a/., 2001; 
Nakada et ai, 2003; Sanchez et a/., 1996; Vialard et a/., 1998). As it is currently 
understood, many types of DNA damages (including DSB) produce ssDNA 
intermediates. This ssDNA is first bound by RPA and accumulating RPA will bind 
Medp/Ddc2p(Lcd1) (Kondo et a/., 2001; Rouse and Jackson, 2002a; Rouse and 
Jackson, 2002b). 
After sensing the DNA damage, Med p activates downstream checkpoint signalling 
factors. For this, more proteins are required. These proteins could be divided into two 
groups: Rad24p physically associates with the four small Rfc2-5p proteins to form an 
RFC-like complex and the Dddp/Rad17p/Mec3 complex (Griffiths et a/., 1995; 
Longhese et ai, 1998; Longhese et a/., 1996; Longhese et ai, 1997; Paciotti et a/., 
1998; Weinert et ai, 1994). The structural similarity between Rad24p complex and 
replication factor C (RFC) and Ddc1p/Pad17p/Mec3 and Proliferating Cell Nuclear 
Antigen (PCNA) allowed extrapolion on the similarities of their functions. According to 
these speculations, like for the RFC ("clamp loader"), which physically loads the 
PCNA complex ("sliding clamp") onto DNA (Venclovas and Thelen, 2000), similar 
roles are assigned to Rad24p-Rfc2-5p complex and Dddp/Rad17p/Mec3 complex 
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(reviewed in Durocher and Jackson, 2001; Rouse and Jackson, 2002a; Viscardi ef 
a/., 2005). 
Figure 7. The DNA damage checkpoint in Saccharomyces cerevisiae. Adopted 
from (Rouse and Jackson, 2002a) 
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Representation of the checkpoint signal transduction network. 
A. The categories of proteins involved in propagating the DNA damage signal are 
indicated on the left. 
B. After recognition of DNA damage Mec1p-Lcd1p translocates to sites of damage 
independently of the Rad24p/Rfc2-5p (RFC-like) and Rad17p-Ddc1p-Mec3p (PCNA-
like) complexes. Similarly, the RFC-like and PCNA-like complexes load onto these 
sites independently of Mec1p-Lcd1p. Exactly how these complexes are directed to 
DNA lesions and the precise nature of the structures that they recognize are still 
unclear. Activation of Rad53p and the resulting cell-cycle arrest occur after loading of 
these complexes. For simplicity, Tellp is shown at sites of DNA damage, although 
this has not yet been demonstrated experimentally. From (Rouse and Jackson, 
2002a). 
35 
Med p-dependent phosphorylation of downstream targets depends on the above 
protein complexes (de la Torre-Ruiz et al., 1998), and it was suggested that these 
proteins assist in recruiting MeClp targets to DSB sites so MeClp is able to 
phosphorylate them (Rouse and Jackson, 2002a). The phosphorylation of 
dowstream targets of M e d p , such as Rad53p, cannot be performed directly. It 
requires the participation of the adaptor protein called Rad9p (Durocher et al., 2000; 
Gilbert et al., 2001; Sweeney et al., 2005). It is thought that the adaptor protein 
Rad9p is phosphorylated by Medp, and only once phosphorylated does it interact 
with the transducer kinases Rad53p and Chklp, which are in turn phosphorylated by 
Medp (Durocher et al., 2000; Gilbert et al., 2001; Sweeney et al., 2005). 
Phosphorylation of Rad53p and Chklp triggers a further kinase activity cascade 
which leads to cell cycle arrest, chromatin remodelling events and activation of DNA 
repair machinery. 
Only once the DNA DSB is repaired via homologous recombination or Non-
Homologous End Joining (NHEJ) do checkpoint effectors (Rad53p and Chklp) 
become dephosphorylated, which deactivates the checkpoint and allows the 
resumption of the cell cycle. 
6.2. Telomere Uncapping And Checkpoint Activation. 
Chromosome ends and DSBs show a great deal of similarity: both are a physical 
ends of a DNA molecule. Unlike DSBs however, functional telomeres do not activate 
checkpoints, they are not subject to DNA repair activities like homologous 
recombination, or end-to-end fusions (NHEJ) (van Steensel et al., 1998; Wang et al., 
2004), (reviewed in Longhese, 2008). Therefore, cells are able to differentiate 
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between telomeres and intrachromosomal DSB. This feature is provided by the 
unique structure and organization of the nucleoprotein complexes located at the ends 
of chromosomes (discussed above). 
In yeast S. cerevisiae, one of the most important structures hiding the telomeres from 
being recognized as DSB by Mec1p/Tel1p sensors is the telomeric cap, consisting of 
Cdc13p and its partners Tenlp and Stnlp (discussed above) Figure 8A. Removal of 
the capping proteins transforms telomeres to DSB-like structures (Garvik et a/., 1995; 
Lydall, 2003; Lydall and Weinert, 1995; Zubko et al., 2004). David Lydall, 
distinguishes uncapped telomeres and DSB-like telomeres (Figure 8B and C) (Lydall, 
2003). 
Figure 8. A spectrum of telomeric states. Adopted from (Lydall, 2003) 
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A model showing three states at budding yeast telomeres. 
A. A fully capped telomere that prevents checkpoint activation and repair pathways. It 
is capped by numerous telomere-binding proteins, indicated by T. 
B. An uncapped telomere that has recruited the Tehp, the checkpoint protein Rad9p, 
and the MRX complex (MRE11, RAD50 and XRS2) 
C. A resected, DSB-like telomere that has recruited the core members of the DNA 
damage checkpoint response, including MEC1, MEC3, RAD9, RAD17 and DDC1. 
This DSB-like telomere is a potent activator of cell cycle arrest. 
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According to this model, an uncapped telomere is in a transition state between a fully 
capped telomere and a DSB-like telomere. In this state, the uncapped telomeres 
recruit kinases such as TeMp, the adaptor Rad9p and the MRX complex (Mre11p, 
Rad50p and Xrs2p). This complex causes just transient cell cycle arrest (Viscardi et 
al., 2003). However, uncapped telomeres are not a stable system and due to further 
resection by exonucleases, uncapped telomeres are converted to DSB-like 
telomeres, which activate the Med p-dependent checkpoint and the cell cycle is 
arrested. Figure 8C. (Lydall, 2003; Viscardi etal., 2005). 
7. To Adapt Or Not To Adapt? This Is The Question! 
After being activated the DNA damage checkpoint only holds for a certain period of 
time, irrespective of DNA damage repair success. Hence, in certain cases of 
irreparable DNA damage, the checkpoint eventually is extinguished and the cell cycle 
allowed to resume, even in the presence of DNA damage. For yeast, this process is 
called adaptation. 
7.1. Adaptation To Irreparable DSB. 
In accordance with current models, ssDNA is absolutely required in order to activate 
the G2/M checkpoint. But the presence of ssDNA is not sufficient to keep the 
checkpoint activated endlessly. Should the cell fail to repair a DSB after several 
hours (12-14 hours) of G2/M checkpoint activation, Rad53p is dephosphorylated and 
the cell re-enters the cell cycle (Lee et al., 1998; Sandell and Zakian, 1993; Toczyski 
et al., 1997). The cell "adapts" to the presence of DNA damage (reviewed in Harrison 
and Haber, 2006). The molecular mechanisms of adaptation are not yet well known 
and are best studied in yeast. However, recent studies revealed the existence of DSB 
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adaptation phenomenon in higher eukaryotes: Xenopus (Yoo et al., 2004) and human 
cells (Syljuasen, 2007). 
Several proteins have been identified as being required for adaptation. Some are 
involved in Rad53p dephosphorylation, which allows the cell to resume cell cycle 
(reviewed in Harrison and Haber, 2006). Besides adaptation, these proteins are also 
involved in; 
chromatin regulation and recombination, as for example Tidlp (Lee et al., 
2001), Rad51p (Lee et al., 2003), the Srs2p helicase (Vaze et al., 2002) the 
MRX partner protein Sae2p (Clerici et al., 2006), Yku70p and Yku80p (Lee et 
al., 1998) 
- checkpoint regulation, such are the phosphatases Ptc2p and Ptc3p (Leroy et 
al., 2003), Ckblp and Ckb2p (subunits of CKII) and the Polo kinase Cdc5p 
(Toczyskiefa/., 1997). 
Yku70p and Yku80p. Ayku70 cells are defective in adaptation (Lee et al., 1998). It 
was suggested that a deletion of YKU70 results in a dramatic increase of ssDNA 
generation due to DSB repair failure and the intensity of DNA damage signal is so 
high that the cell is not able to dephosphorylate Rad53p and respectively fails to 
adapt (Lee et al., 1998). This suggestion is supported by the fact that the Ayku70 
effect can be suppressed by deletion of MRE11, a member of the MRX complex 
which is thought to regulate an exonuclease involved in resection of DSB (Lee et al., 
1998). 
Tidlp. Tidlp and its partner Rad54p are members of a chromatin remodelling 
helicase-like family of proteins Swi2p/Snf2p. Tidlp, as well as Rad54p, interact with 
Rad51p and promote Rad51-mediated strand exchange (Petukhova et al., 2000). It 
was shown that tidIA cells fail to adapt after a single DSB induced G2/M checkpoint 
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arrest (Lee et al., 2001). The authors concluded that Tidlp plays a crucial role in cell 
cycle resumption, and this role is very distinct of the role of the Yku70p protein (Lee 
et al., 2001). Interestingly, the tidIA cells adaptation deficiency was suppressed by 
the rfa1-t11 mutation (Lee et al., 2001). 
Rfalp (Rpalp). Rfalp is the largest subunit of RPA (Replication Protein A). RPA is a 
very conserved ssDNA binding protein heavily involved in DNA replication, repair, 
and recombination (Brill and Stillman, 1991; Longhese et al., 1994). The specific rfal-
t11 allele causes severe defects in homologous recombination (Umezu et al., 1998). 
Although cells harbouring the rfa1-t11 allele by itself do not show any detectable 
phenotype in DSB induced G2/M arrest or in subsequent adaptation (Lee et al., 
1998), tidIA rfa1-t11 cells do support adaptation in (Lee et al., 2001). 
Ptc2p and Ptc3p. These phosphatases were shown to contribute to deactivation of 
checkpoint effector proteins (Leroy et al., 2003). Ptc2p interacts with Rad53p, and 
most probably dephosphorylates it (Leroy et al., 2003), which is essential for 
checkpoint deactivation. It was demonstrated that ptc2A and ptc2A mutants fail to 
resume the cell cycle after DSB induced G2/M cell cycle arrest, irrespective of 
whether this DSB is repairable or not (Leroy et al., 2003). 
Adaptation events cause genomic instability presumably because of missegregation 
of chromosome fragments derived from irreparable DSBs (Galgoczy and Toczyski, 
2001; Kaye et al., 2004). Nevertheless, it is thought that adaptation increases the 
chances of the cell to survive, assuming that very slow or delayed repair might take 
place eventually and the damage incurred was not lethal (Galgoczy and Toczyski, 
2001). However, in Metazoans, the adaptation phenomenon can contribute to the 
development of cells with abnormal karyotypes, a very common early sign of 
cancerous cellular transformation. Recent studies confirmed the existence of such a 
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adaptation-like mechanism in Xenopus (Yoo et al., 2004) and even in human cells 
(Syljuasen, 2007). 
7.2. Adaptation To Telomere Deprotection. 
As described above, uncapped telomeres do activate the G2/M checkpoint and arrest 
the cell cycle. However, yeast cdc13A cells lacking a telomeric cap can, under certain 
conditions, divide and proliferate (Larrivee and Wellinger, 2006; Petreaca et al., 2006; 
Zubko and Lydall, 2006). This fact suggests that some cells are able to adapt to the 
presence of deprotected telomeres in a similar manner as they do to irreparable 
DSB. In particular, the cells might be able to deactivate the G2/M checkpoint and 
keep it suppressed indefinitely. This idea is supported by experiments with yeast A13 
strains (Larrivee and Wellinger, 2006). In order to evaluate the functionality of 
checkpoints in A13 strains, the phosphorylation of the checkpoint effector Rad53p 
was verified in the cells treated with methylmetanesulfonate (MMS), a drug provoking 
DNA DSBs. In both A13-I and A13-II cells, the checkpoint effector Rad53p remained 
dephosphorylated, while in wt cells, MMS treatment caused Rad53p phosphorylation 
(Larrivee and Wellinger, 2006). The absence of a Rad53p phosphorylation response 
to multiple DSB induction indicates a permanent checkpoint inactivation in telomere 
deprotection survivors (Pellicioli et al., 2001). Furthermore, both A13-I and A13-II 
survivor strains proved to be very sensitive to DNA damaging agents, such as MMS 
or hydroxyurea (HU), which also indicates an alteration of checkpoint mechanisms in 
this strains (Larrivee and Wellinger, 2006). Surprisingly, the inactivation of checkpoint 
responses in A13 cells is not permanent. A reintroduction of the wt Cdc13p protein 
(and presumably the reconstruction of a telomeric cap), reactivates the checkpoint 
surveillance mechanisms. The sensitivity to MMS and HU is lost in the survivors were 
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Cdc13p is reintroduced, while reintroduction of TLC1 (restoring telomerase activity) 
does not provide the same effect (Larrivee and Wellinger, 2006). 
8. Project Objectives 
As mentioned above, Cdc13p, the principal member of the telomeric cap, protects 
telomeres from exonucleolytic degradation. However, the precise nature of the 
exonucleases implicated in telomere degradation in the absence of the telomeric cap 
is not known. In this study, I tried to identify such elusive factors that are involved in 
the telomere resection in absence of telomeric capping. Further, while it was 
previously observed that some telomerase-negative survivor cells can tolerate the 
absence of Cdc13p, the molecular underpinnings of this phenomenon were not 
entirely clear. Therefore, a further goal of my work was to elucidate the molecular 
mechanisms regulating adaptation to the loss of Cdc13p. 
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MATERIALS AND METHODS 
Yeast strains 
Budding yeast S. cerevisiae strains used for this study: 
Wild-type (wt) strain (Mata adel Ieu2 Iys5 ura3 trpl) 
Query strain used for Synthetic Genetic Array Screen MLY541 (Mata cdc13-1:NatR 
can1A::MFA1pr-HIS3-MFapr-LEU2 his3A1 leu2A0 lys2A0 metlAO). The strain was 
constructed by M. Larrivee. 
Deletion strains. Yeast Knock-Out Mata Strain Collection (Open Biosystems) was 
used (Mata his3A1 leu2A0 met15A0 ura3A0). This deletion strain collection was 
constructed in BY4741 (S288C) background. The open reading frame (ORF) knock-
outs have been produced using a PCR-based strategy replacing each ORF with a 
KanMX4 cassette conferring geneticin resistance. 4786 strains each containing one 
deletion of a non-essential gene were used for this study. 
Adaptation related mutant strains were derived from the diploid strain MLY100 
(Larrivee and Wellinger, 2006): 
VKY12 (Mata tld::LEU2 cdc13::NatR ptc2::KanMX4 VR-ADE2-T ura3-52 Iys2-801 
ade2-101 trp1-del63 his3A200 Ieu2-del1 transformed with plasmid pcdc13-1) 
VKY19 (Mata tld::LEU2 cdc13::NatR tid1::KanMX4 VR-ADE2-T ura3-52 Iys2-801 
ade2-101 trp1-del63 his3del200 Ieu2-del1 transformed with plasmid pcdc13-1) 
VKY15 (Mata tld::LEU2 cdc13::NatR rfa1-t11 VR-ADE2-T ura3-52 Iys2-801 ade2-
101 trp1-del63 his3del200 Ieu2-del1 transformed with plasmid pcdc13-1). 
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VKY20 (Mata cdc13::NatR VR-ADE2-T ura3-52 Iys2-801 ade2-101 trp1-del63 
his3A200 Ieu2-del1 transformed with plasmid pcdc13-1) 
Type I survivor isogenic strains MLY108 and MLY109 (Mata tlc1::LEU2 
cdc13::NatR VR-ADE2-T ura3-52 Iys2-801 ade2-101 trp1-del63 his3del200 Ieu2-del1 
transformed with plasmid pcdc13-1) (Larrivee and Wellinger, 2006). MLY108 and 
MLY109 are isogenic strains. These are different subclones of the same strain. 
Type II survivor isogenic strains MLY112 and MLY113 (Mata tlc1A::LEU2 
cdc13A::NatR VR-ADE2-T ura3-52 Iys2-801 ade2-101 trp1-del63 his3A200 leu2A1 
transformed with plasmid pcdc13-1) (Larrivee and Wellinger, 2006). MLY112 and 
MLY113 are isogenic strains. They are different subclones of the same strain. 
A13-I isogenic strains: MLY120 and MLY121 (Mata tld::LEU2 cdc13::NatR VR-
ADE2-T ura3-52 Iys2-801 ade2-101 trp1-del63 his3del200 Ieu2-del1) (Larrivee and 
Wellinger, 2006) 
A13-II isogenic strains: MLY122 and MLY123 (Mata tld::LEU2 cdc13::NatR VR-
ADE2-T ura3-52 Iys2-801 ade2-101 trp1-del63 his3del200 Ieu2-del1) (Larrivee and 
Wellinger, 2006) 
S2 survivor strains derived from the above A13 strains. The A13-cells were re-
transformed with the pcdc13-1 plasmid and grown for 50 and 220 generations at 
23°C on synthetic nutrition medium lacking uracil. 
S2 survivor type I strain Mata tld::LEU2 cdc13::NatR VR-ADE2-T ura3-52 Iys2-801 
ade2-101 trp1-del63 his3del200 Ieu2-del1 transformed with plasmid pcdc13-1) 
S2 survivor type II strain Mata tld::LEU2 cdc13::NatR VR-ADE2-T ura3-52 Iys2-
801 ade2-101 trp1-del63 his3del200 Ieu2-del1 transformed with plasmid pcdc13-1). 
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Plasmids 
pcdc13-1 - plasmid bearing the cdc13-1ts allele of the CDC13 gene and the URA3 
auxotrophic marker gene (Larrivee and Wellinger, 2006). 
pJH1741 - integrative plasmid used in pop-in/pop-out gene replacement method to 
construct rfa1-t11 mutant strain. The plasmid was obtained form J. Haber (Lee et al., 
1998).. 
pTLC1 - plasmid harbouring the TLC1 wt gene and the TRP1 marker gene. The 
plasmid was constructed in our lab by J. Parenteau. It was constructed by subcloning 
a 4 kb EcoRI-Xhol fragment spanning TLC1 derived from, pAZ1 (Gravel and 
Wellinger, 2002) into EcoRI-Xhol of pRS314 (Sikorski and Hieter, 1989). 
pRS400 - plasmid containing the KanMX4 sequence (Brachmann et al., 1998). It 
was used to generate KanMX4 replacement cassettes for TID1 and PTC2 deletions. 
Yeast growth media 
YPD. A complete rich medium. 
1% (w/v) bacto-yeast extract; 2% (w/v) bacto-peptone; 0.01% (w/v) adenine; 2% 
(w/v) glucose. For solid medium (petri dishes), 2% (w/v) bacto agar is added. All 
media were sterilized by autoclaving. 
YC medium. A synthetic complete medium. 
0.17% (w/v) yeast nitrogen base without aminoacids; 0.1% (w/v) L-Glutamic acid 
monosodium salt monohydrate; 0.011% (w/v) aspartic acid; 0.011% (w/v) cystein; 
0.009% (w/v) isoleucine; 0.002% (w/v) methionine; 0.006% (w/v) phenylalanine; 
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0.006% (w/v) proline; 0.045% (w/v) serine; 0.022% (w/v) threonine; 0.007% (w/v) 
tyrosine; 0.002% (w/v) adenine; 0.002% (w/v) arginine; 0.002% (w/v) histidine; 
0.008% (w/v) leucine; 0.006% (w/v) lysine; 0.002% (w/v) tryptophane; 0.002% (w/v) 
uracil; 2% (w/v) glucose. pH of liquid medium was adjusted to 6.0. For solid medium 
(petri dishes) 2% (w/v) bacto agar is added. All media were sterilized by autoclaving. 
For YC medium lacking a specific amino acid, that respective amino acid was 
omitted.. 
FOA synthetic complete solid medium. 
0.14% (w/v) yeast nitrogen base without aminoacids; 0.5% (w/v) ammonium sulfate; 
0.01%) (w/v) glutamic acid;0.01% (w/v) aspartic acid; 0.008% (w/v) isoleucine; 
0.002% (w/v) methionine; 0.005% (w/v) phenylalanine; 0.04% (w/v) serine; 0.02% 
(w/v) threonine; 0.006% (w/v) tyrosine; 0.015% (w/v) valine; 0.002% (w/v) adenine; 
0.002% (w/v) arginine; 0.002% (w/v) histidine; 0.008% (w/v) leucine; 0.006% (w/v) 
lysine; 0.002% (w/v) tryptophane; 0.005% (w/v) uracil; 2% (w/v) glucose. pH of liquid 
medium was adjusted to 6.0 and 2% (w/v) bacto-agar is added. All media were 
sterilized by autoclaving. 0.1 % (w/v) of 5-fluoroorotic acid was added to the media. 
(Boekeera/., 1987) 
Yeast cell transformation with plasmids 
Yeast cell transformation with plasmids or linear DNA fragments was carried out 
using an established lithium acetate technique (Gietz and Woods, 2002). Briefly, a 
freshly grown yeast colony on a plate was picked with a toothpick and inoculated into 
appropriate 3ml of nutrition medium (either YPD or synthetic medium lacking uracil 
containing 2% glucose). The culture was grown at appropriate temperature with 
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continuous agitation. Growth was monitored by taking optical density (OD) 
measurements at wavelength = 660nm (OD660nm)- The culture was grown until it 
reached stationary phase (OD66onm = 1-5). 0.1ml of this culture was re-inoculated into 
10 ml of fresh appropriate nutrition medium. The culture growth was again monitored 
by OD measurements. After the culture reached OD66onm = 0.7 (approximately 107 
cells per 1 ml), cells were harvested by centrifugation (1700 x g) for 3 minutes and 
the pellets were washed with 5 ml of sterile water. Next, the yeast cells were washed 
with 1 ml of Tris-EDTA (Tris-HCI 10 mM pH8.0, EDTA 1mM) in 1.5 ml microtubes, 
followed by another wash with 800 ul of 1x TE/LiAc (Tris-HCI 10 mM pH8.0, EDTA 
1mM, LiAc 0.1 M). Then, the pellet was resuspended in 50 pi of 1x TE/LiAc in order to 
achieve approximately 2 x 109 cell/ml. At this stage, yeast cells were competent to 
uptake a plasmid or linear DNA fragment. To 50 pi of the competent cell suspension, 
1 ug of transforming DNA as well as 50 ug of boiled salmon sperm ssDNA were 
added. This mixture was complemented with 300 pi of 40% PEG4000 solution in 1x 
TE/LiAc. The final mixture was incubated at 23°C with continuous gentle agitation for 
at least 1 hour. After incubation at 23°C, cells were treated with temperature shock at 
37°C for 15 minutes. Yeast cells were then harvested by centrifugation in a tabletop 
centrifuge (quick spin for 5 seconds) and the pellet was resuspended in 500 pi of TE 
buffer (10mM Tris-HCI pH8.0; 1mM EDTA pH8.0). Transformed yeast cells were 
spread onto agar plates containing appropriate selective media. Plates were 
incubated at appropriate temperature for at least 3 days. 
Gene deletions 
Deletions of specific genes were performed using a KanMx4 replacement cassette 
flanked by 40 nt sequences perfectly homologous to the sequences immediately up-
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and downstream of targeted gene ORF (Brachmann et a/., 1998). Such fragments 
were generated with the aid of PCR (Figure 9). PCR was carried out using 1 ng 
/reaction of plasmid pRS400 as a template, and 20 pmoles of each primer. 
PCR conditions: 30 cycles (1 min at 94°C, 1 min 53°C and 3 min at 72°C) followed by 
15 min at 72°C. The polymerase used for the reaction was FastStart Taq DNA 
Polymerase (Roche Diagnostic Corp.). The DNA fragment obtained was transformed 
into diploid strain MLY100 (Larrivee and Wellinger, 2006). Potential positive clones 
with the targeted respective gene replaced by the KanMX4 replacement cassette 
were selected on YPD media containing 200 ng/ul of G-418 (Geneticin, Gibco RBL) 
(Figure 9). 
The primers used to create the KanMX4 replacement cassette for deletion of: 
TID1 (RDH54) 
TIDIdeltaFWD: 5'-CTC GGT ATA TCA AAC GGT ATT TGA TTC CGG TAC 
TAC TCA AAG ATT GTA CTG AGA GTG CAC-3' 
TID1 deltaREV: 5'-ATA GCT ATT TTA TTT AGT ATA TAA GTG TCC ATA TTT 
GGC GCT GTG CGG TAT TTC ACA CCG-3' 
PTC2 
PTC2deltaFWD: 5'-TCC ATT GTT GTA TAA AAT ATA GAG AAC CAG AAA 
AAG AAA AAG ATT GTA CTG AGA GTG CAC-3" 
PTC2deltaREV: 5'-GTA TAT AGG TAT GTA TAT ATA ATG AAG GAT GGA 
AGA TCC TCT GTG CGG TAT TTC ACA CCG-3' 
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Figure 9. TID1 and PTC2 deletion using a KanMX4 replacement cassette. 
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The deletion of 77D7 and PTC2 genes was verified by PCR. PCR was carried out 
using 50 ng /reaction of total genomic DNA, and 20 pmoles of each primer. 
PCR conditions: 30 cycles (30 sec at 95°C, 1 min 57°C and 2 min at 72°C) followed 
by 7 min at 72°C. The polymerase used for the reaction was FastStart Taq DNA 
Polymerase (Roche Diagnostic Corp.). 
The primers used to verifiy the replacement of a gene ORF with KanMX4 cassette: 
tid1::KanMX4 
TID1 promoterFWD: 5'-AGG ATC TTC TCT CTT CGT CGA GGT -3' 
KMXORFverifREV: 5'-GCC TGA GCG AGA CGA AAT AC -3' 
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ptc2::KanMX4 
PTC2promoterFWD: 5'-TGC TAC GAT GGA CCA TAG CCC TTT -3" 
KMXORFverifREV: 5'-GCC TGA GCG AGA CGA AAT AC -3' 
All PCR products were visualized in a 1% agarose gel by ethidium bromide 
staining. 
Pop-in / pop-out method 
The rfa1-t11 mutant strain was constructed via a two step replacement of the wt 
RFA1 gene with the rfa1-t11 allele by the pop-in/pop-out method (Rothstein, 1991) 
(Figure 10). 
Pop-in (carried out by R. Wellinger) 
rfa1-t11 is a point mutation at nt 2696 consisting in a replacement of a T with a G 
leading to a single aminoacid K45E replacement in the protein. The plasmid pJH1741 
containing the rial-til mutant allele and URA3 marker was linearized by cleaving at 
the Nhel site located 1310 bp downstream of the RFA1 open reading frame and was 
subsequently transformed into a haploid wt strain (Mata adel Ieu2 Iys5 ura3 trpl). 
The resulting strain contains a RFA1 ::URA3::rfa1-t11 locus, and it was selected on 
synthetic medium lacking uracil (YC -U). Verification of pop-in was done by Southern 
blotting. After pop-in, all of the region of the RFA1 gene contained on the pJH1741 
plasmid is now duplicated in the genome. 
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Figure 10. Pop-in / pop-out method. 
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Simplified scheme of a two step replacement of the wt RFA1 gene with the rfa1-t11 
allele. 
Pop-out: 
Verified positive clones were transferred to non-selective YPD medium, allowing for 
homologous recombination between the duplicated sequences to excise the 
intervening sequences, including the URA3 marker. In theory, this can yield two 
different strains: one in which the wt RFA1 allele was reconstituted or a second in 
which the rfa1-t11 allele was left behind. In both cases however, the U RA3 marker is 
lost and therefore, candidate clones were selected on complete synthetic medium 
containing 1g/L of 5'FOA (Bioshop Canada Inc.). The selected strains showed a lira" 
growth phenotype (Boeke etal., 1984; Boeke etal., 1987). Among the 5-FOA-
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resistant clones, cells with the rfa1-t11 allele were identified by virtue of their 
increased sensitivity to DNA damaging agents (Umezu et al., 1998). Cells were 
exposed to 0.05% MMS on solid media and sensitive clones identified. At this point, 
the presence of rfa1-t11 point mutation was verified by sequencing (McGill University 
and Genome Quebec Innovation Center). 
Generation of post-senescence survivor strains 
Haploid yeast strains were grown for about 120 generations at 23°C in order for the 
cells to pass through senescence and generate post-senescence survivors. Yeast 
cells lacking TLC1, the gene encoding the telomerase RNA component, were passed 
by streaking on YPD plates. Single isolated colonies were taken for each subsequent 
re-streak. Cells were grown at 23°C until isolated colonies were formed (3 days). 
Cells in one colony of average size of 1mm were considered to have passed 20 
generations. After 60 to 100 generations, most of the cells had suffered telomere 
degradation and stopped dividing. However, rare isolated survivor colonies were still 
clearly distinguishable. Those isolated survivor colonies were taken for the next 
streak and eventually gave rise to subsequent generations of post-senescence 
survivors. 
Crosses, sporulation, spore isolation via 
microdissection and spore analysis 
Crosses and selection for diploids 
Standard procedures for yeast cell mating were followed (Curran and Bugeja, 2006). 
Haploid strains of opposite mating type were mated on petri dishes containing YPD 
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media, and incubated at 30°C until well developed cell masses were formed. Then, 
the cells were streaked on appropriate selective media and/or selective conditions 
allowing growth of only the diploid issue of the mating. 
Sporulation and spore isolation via microdissection 
The sporulation and spore isolation was realised according to standard procedures 
(Curran and Bugeja, 2006) with some slight modifications. Diploids were sporulated 
in an aqueous solution of KAc (0.5% w/v) at 23°C for at least 72 hours with 
continuous agitation. The sporulation rate was verified by microscopic observation. 
After sporulation, cells were treated with Zymolyase-100T (MJS BioLynx Inc.) in order 
to digest asci and liberate spores. 
The individual spores from every tetrad were isolated and positioned on a YPD 
containing petri dish with microdissection manipulator. Haploid spores were 
incubated in appropriate constant temperature conditions. After spores formed well 
developed colonies, they were analysed via replica plating on appropriate selective 
media. 
Synthetic Genetic Array experiment 
In order to perform the Synthetic Genetic Array (SGA) experiment, the five step 
procedure described below was carried with a robotized manipulator: 
1. A query strain Mata, carrying a query mutation (cdc13-1) linked to a dominant 
selectable marker (NatR), conferring the resistance to antibiotic nourseothricin 
(CloNat, Weber BioAgets), and a reporter MFA1pr-HIS3, was crossed with 
Mata deletion strains, which were placed in an ordered array. Each deletion 
strain carried a single non-essential gene deletion linked to a marker 
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(KanMX4), conferring resistance to the antibiotic geneticin (G418, Gibco). 
Growth of resulting heterozygous diploids was selected for on a medium 
containing both antibiotics: nourseothricin and geneticin (YPD + CloNAT(100 
ug/ml) + G418(200 ug/ml). Each cross was made in duplicate. 
2. The heterozygous diploids were transferred to plates containing nutrition 
media with reduced levels of carbon and nitrogen in order to induce 
sporulation and the formation of haploid meiotic spore progeny. 
3. After sporulation, spores were transferred to plates containing media lacking 
histidine. This medium selects for growth of only Mata haploid meiotic 
progeny due to the haploid specific Mata-H/S3 reporter construct. Only Mata 
haploid cells are able to express HIS3 from this construct. 
4. Mata haploids were transferred to media containing both antibiotics: 
nourseothricin and geneticin (YPD + CloNAT(100 ug/ml) + G418(200 ug/ml) 
in order to provide selective conditions for double mutants (query mutation 
cdc13-1 + single ORF deletion mutation). 
5. Double mutant Mata haploids were then transferred to YPD plates and in 
parallel exposed to permissive (23°C) and restrictive (33°C) temperatures. 
Pictures documenting growth characteristics of each strain were taken after 
48 and 96 hours of exposure to above temperatures. Growth properties of 
individual double mutants at different temperatures were then analysed and 
compared to individual single mutants. 
Validation of Synthetic Genetic Array experiment 
1. The same query strain Mata, carrying a query mutation (cdc13-1) linked to a 
dominant selectable marker (NatR), conferring the resistance to antibiotic 
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nourseothricin and a reporter MFA1pr-HIS3, was crossed again with selected 
Mata deletion strains. Each deletion strain carried a single non-essential gene 
deletion mutation, linked to a marker (KanMX4) conferring resistance to 
antibiotic geneticin. Growth of resulting heterozygous diploids was selected 
for on the medium containing both antibiotics: nourseothricin and geneticin 
(YPD + CloNAT(100 ug/ml) + G418(200 ug/ml). As opposed to the SGA 
experiment, here 38 crosses were made by hand and validated individually. 
2. The sporulation was induced in above heterozygous diploids by placing them 
in aqueous solution of KAc (see sporulation method description) at 23°C for at 
least 72 hours with continuous agitation. 
3. After sporulation, individual spores from every tetrad were isolated, positioned 
on YPD plates and incubated at 23°C. After spores formed well developed 
colonies, they were replica plated or re-streaked on the plates containing 
YPD, YPD+CloNAT(100 ug/ml), YPD+G418(200 ug/ml). Cells placed on YPD 
plates were also exposed in parallel to 23°C (control) for 72 hours, 30°C, 32°C 
and 37°C for 48 hours. Cells placed on YPD+antibiotic media were incubated 
at 23°C for 72 hours. 
4. Growth properties of the double and single mutants at different temperatures 
were then analysed and compared. 
Colony growth tests (spot tests) 
Strains of interest were grown in liquid media at indicated constant temperature until 
exponential growth phase (OD660nm = 0.7 - 1.0). Every culture then was serially 
diluted in a way to provide from 10 (minimum) to 100 000 (maximum) cells per 
volume of 10ul. After mixing and separating cells by vortexing, 10ul aliquots of a 
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complete dilution series (1/10 dilution factor between spots) were spotted on petri 
dishes containing respective selective media. The resulting plates were incubated for 
72 to 150 hours at appropriate constant temperature until single colonies were clearly 
visible for positive control strains. 
Analyses of colony growth 
5 ml liquid cultures of strains of interest were grown in appropriate media. Synthetic 
nutrition medium lacking uracil was used for strains containing pcdc13-1 plasmid and 
complete synthetic medium was used for A13 cells. Cultures were grown at 23°C with 
continuous agitation. Growth was monitored by taking OD measurements at a 
wavelength of 660nm at regular intervals. After the cultures reached OD66o=0.5, 
10Oul of the culture were spread on a marked area of a pre-heated (30°C) YPD plate. 
Using a micromanipulator stage on a microscope, single, round, unbudded cells were 
arrayed on a YPD plate as quickly as possible (max time was 15 minutes). For a 
typical experiment, 16 cells were arrayed on one plate. Total number of arrayed cells 
for the same strain was 64. 
The plates with arrayed cells were then incubated at 30°C. Morphology and growth of 
cells were inspected microscopically every 2 hours and colony growth progression 
was evaluated by counting cells as follows: 
Round unbudded cells were scored as single cells still in G1. 
Mother cells with a bud or cells showing a dumbbell morphology were scored as 2 
cells. 
Round unbudded cells attached to a mother cell with a bud were scored as 3 cells. 
Two mother cells with buds were scored as 4 cells, etc. 
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The cell count progression was observed for 10 hours (5 counts every 2 hours). The 
plates were further incubated at 30°C up to 24 hours and cells were counted again at 
this point. This incubation at 30°C was followed by an incubation at 37°C for another 
24 hours. The number of cells was registered at this point once again. The plates 
were left at 37°C for another 72 hours in order to evaluate whether complete colonies 
could form and photos were taken at this point. 
Quantification of the rate of adaptation to telomere 
deprotection (events / cell division, fluctuation 
analysis) 
Yeast strains of interest were pre-grown in 5 ml synthetic medium lacking uracil (Ye-
ll) at 23°C until saturation. The optical density (OD) of cultures was measured by 
spectrophotometer at wavelength 660nm (ODeeonm)- The actual number of cells per 
ml was determined using a conversion table which had been created based on 
previously performed cell counting experiments using a haemocytometer. Using this 
way to determine cell density, 2 x 106 cells were inoculated in 5 ml YPD liquid 
medium and incubated at 30°C in a rotary drum with constant rotation for exactly 24 
hours. After 24 hours, the OD660nm culture was measured again and cell-
concentration was determined using the above mentioned conversion table. 104 cells 
were plated on YPD plates and one plate was incubated at 23°C (viability control) 
and another at 37°C (in order to determine number of adapted cells) in parallel for at 
least 72 hours. On each plate, well developed colonies were counted. This procedure 
was performed 20 times for each strain using independent colonies for initial culture 
inoculation. 
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To calculate the adaptation rate to telomere deprotection for different strains, we 
used the equation proposed by Luria and Delbruck (Luria, 1943). 
A - adaptation rate (number of adaptation events per cell division) 
N 0 - number of experiments that resulted in 0 adapted cells (plates with NO 
colonies after incubation at 37°C 
N - number of experiments (number of plates) 
M - number of cells entereing each experiment (number of cells plated per plate) 
Yeast genomic DNA extraction 
Total yeast genomic DNA was isolated using a glass bead method (Huberman et al., 
1987; Wellinger et al., 1993b). Briefly, this method consists of cell lysis via physical 
disruption of cell walls with glass beads and vigorous vortexing in lysis buffer (0.1M 
Tris, 50 mM EDTA, 1% SDS pH8.0). Cleared cell extract is then treated with RNAse 
A and Proteinase K, and subsequently extracted with phenol-chlorophorm and 
chlorophorm. DNA is precipitated from the aqueous phase with 100% ethanol, 
pelleted in a microcentrifuge at 9500 x g for 20 min at 4 °C and washed with 70% 
ethanol and spinning in microcentrufuge at 9500 x g for 10 min at 4 °C. The pellet 
was dried at room temperature for 30 to 60 minutes. The pellet was resuspended in 
TE buffer (10mM Tris-HCI pH8.0; 1mM EDTA pH8.0) 
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Telomere gel 
For the determination of which type of survivor was generated after telomerase loss, 
a telomere gel technique was used. Total purified genomic DNA (1 ug) was digested 
with the Xhol restriction enzyme. A conserved Xhol restriction site is located inside of 
all Y' sequence elements and most telomeres do have at least one Y' element (Louis 
and Haber, 1990b). Therefore, this digestion of total genomic DNA with Xhol releases 
terminal restriction fragments (TRF) of known lengths for wild type cells (about 1.2 
kb). The lengths of these TRFs and the degree of Y' sequence amplification allow us 
to determine survivor type (see "Introduction"). The digested DNA was loaded onto 
an agarose gel (0.75% (w/v) agarose in 1X TBE) and the DNA fragments separated 
by electrophoresis for several hours at 0.8 V/cm. Separated DNA fragments were 
transferred to nylon membrane and the TRFs detected by hybridization to specific 
radioactively labelled probes (see "Southern Blotting"). 
Southern blotting 
DNA analysis via Southern blotting was performed as described originally (Southern, 
1975) with some modifications (Dionne and Wellinger, 1996; Louis and Haber, 
1990b). After completion of gel electrophoresis (see "Telomere gel"), the gel was 
soaked in a solution of 0.25M HCI for 15 minutes at RT in order to depurinate the 
DNA. This ensures subsequent transfer of long DNA fragments to nylon membranes. 
DNA depurination was followed by DNA denaturation by soaking the gel in 
denaturation solution (1.5M NaCI, 0.5M NaOH) for 1 hour at RT. Finally, the gel was 
equilibrated in transfer solution (0.4M NaOH), for 15 min at RT. The DNA was 
transferred to positively charged nylon membranes (Hybond-XL, GE Healthcare) via 
capillary flow in denaturing conditions during at least 12 hours at RT. The membrane 
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with the transferred DNA was air-dried and pre-hybridized with pre-hybridisation 
solution (50% deionized formamide; 5x SSC (sodium chloride/sodium sulphate) [20x 
SSC: 3M NaCI, 300 mM sodium citrate-2H20 pH 7.0]; 1x Denhardt's solution [100x 
Denhardt's solution: 2% (w/v) polyvinylpyrrolidone; 2% (w/v) Ficoll (GE Healthcare); 
2% (w/v) bovine serum albumine]; 1 mg/ml herring sperm DNA (degraded free-acid, 
boiled); 2% (w/v) SDS; 0.5% low-fat milk powder) at 37°C for at least 2 hours. A 
denatured radiolabeled DNA probe was first diluted in hybridisation solution (pre-
hybridisation solution containing 10% (w/v) dextran sulphate) and then added to the 
membrane in a sealable plastic bag. Hybridisation was allowed to proceed at 42°C 
for at least 10 hours. After hybridisation, the membrane was washed in 50 ml of 
2xSSC solution (0.3M NaCI, 30mM Na3C6072H20 pH7.0) for 20 minutes at RT, 
followed by washing in O.lxSSC containing 0.1% v/v SDS 15 to 20 minutes at RT. 
The washed membrane was exposed to film (Kodak, Biomax MS) at -80°C. 
DNA labelling with [a-32P]dCTP by extension of 
random primers 
The indicated [a-32P]dCTP labelled DNA probe was made according to a protocol 
utilizing random primers for DNA synthesis (Feinberg and Vogelstein, 1984). [a-
32P]dCTP's specific activity was 3000Ci/mmole. 
The probe used in this study for Southern blotting was a 300 bp fragment generated 
by digestion of the vector pCT300 with EcoRI (Wellinger et al., 1993b). This DNA 
fragment essentially contains only yeast telomeric repeat sequences. 
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RESULTS 
1. A SGA Approach To Discover Suppressors Of The 
cdc13-1ts Temperature Sensitive Phenotype 
In attempt to identify genes that are involved in the deleterious outcome of an 
absence of telomere capping (see "Introduction"), we have screened the yeast gene 
knock-out library for genes, a deletion of which could suppress the growth defect of 
cdc13-1ts cells at 33°C. 
The reason why we selected the cdc13-1ts mutant allele as a query strain is its 
temperature sensitive growth property (Garvik et al., 1995) in particular: 
• yeast strains harbouring the cdc13-1ts allele display a robust temperature 
sensitive growth phenotype: at restrictive temperatures (above 28°C), cells 
undergo a G2/M arrest, suffer progressive chromosome instability and 
eventually die (Garvik et al., 1995; Weinert et al., 1994). 
growth characteristics of cdc13-1ts strains incubated at permissive 
temperatures (below 28°C) are not affected and are virtually the same as 
those of CDC13 wild type strains (Garvik et al., 1995). 
At permissive temperature (<28°C), the Cdc13-1p mutant protein retains all its 
functionality and efficiently protects telomeres. The growth phenotype of such cells is 
not distinguishable from the one of CDC13 wt cells. In the SGA screen, these 
conditions served as cell growth controls. 
At restrictive conditions (temperature >28°C), the Cdc13-1p mutant protein is not able 
to protect the telomere against 5'-end resection (see above) and cells should die. 
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However, a combination of the cdc13-1ts allele and a deletion of a gene involved in 
telomere 5'-end degradation would allow these cells to survive, even at restrictive 
temperatures (33°C) and the cdc13-1ts temperature sensitivity should be suppressed 
(Figure 11). 
Figure 11. Rationale for the SGA experiment. 
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Simplified scheme representing general idea of Synthetic Genetic Array, see text for 
details. 
For the purpose of identification of gene deletion mutants capable of suppressing 
cdc13-1ts temperature sensitivity, we performed a Synthetic Genetic Array (SGA) 
experiment. The methodology of the SGA experiment is described in detail in the 
"Materials and Methods" section. The large scale robotized SGA experiment was 
performed by R. Wellinger in the laboratory of M. Peter (Biochemistry Department, 
ETH Zurich). 
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4900 Mata single gene deletion (yfgA) strains were crossed with the query Mata 
cdc13-1ts mutant strain. All these 4900 loci are known to be non-essential genes. We 
used 96 hours incubation time for the final comparative analysis of the growth 
properties of haploid double mutants (cdc13-1ts yfgA) at restrictive and permissive 
temperatures. Cells incubated for only 48 hours did not demonstrate distinguishable 
differences in growth when arrayed on the same plate at restrictive conditions (33°C) 
(Figure 12). 
Figure 12. Comparison of growth of double mutants (cdc13-1ts yfgA) after 48 and 
96 hours of incubation 
23°C 33°C 
Example of plates with double mutants cdc13-1ts yfgA grown at permissive (23°C) 
and restrictive (33°C) conditions for 48 and 96 hours. The plates incubated at 23°C 
served as cell viability and growth control. The white square indicates an example of 
two pairs of double mutant colonies. 
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In the analysis of the growth properties of individual double mutants at restrictive 
conditions, colony sizes of respective strains were compared to those of 
neighbouring double mutants arrayed on the same plate (Figure 13). As the double 
mutant strains were placed on plates in duplicate, we were taking into account only 
strains where both clones were able to develop colonies of similar size. In cases 
where just one clone out of two showed significantly better growth, the result was not 
retained as a potential positive hit (Figure 13). 
Figure 13. An example of the comparative analysis of growth properties at 33°C 
after 96 hours of incubation. 
1 2 3 4 5 6 7 8 9 10 11 12 
The frames indicate strains in duplicate showing apparently better growth compared 
to the neighbouring strains at restrictive (33°C) temperature. Note that we compared 
patch sizes directly with the neighbouring strains. 
As control for possible unrelated and non-relevant growth advantage of the candidate 
strains, the same comparison on control plates exposed to permissive 23°C 
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temperature was carried out (Figure 14). Only double mutants without any growth 
defects at permissive conditions were included in the list of potential positive hits. 
Based on these criteria, we identified 111 primary potential positive hits. All these 
double mutants demonstrated an apparent growth at restrictive temperature for the 
cdc13-1 allele. 
Figure 14. Growth properties of a primary candidate double-mutant at both 
permissive and restrictive conditions. 
23°C 33°C 
An example of the comparative analysis for a potential positive hit. The particular 
double mutant (framed in white) formed well developed healthy colonies (in duplicate) 
at both permissive 23°C and restrictive 33°C temperatures. 
We assumed that the products of our potential gene hits operate on telomeres. 
Therefore, it seemed likely that the particular proteins should reside in the nucleus. 
Upon inspection of all the candidate genes for their reported subcellular localization 
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on the "Saccharomyces Genome Database" (http://www.yeastgenome.org) website, 
genes with no association with the nucleus were excluded from further study. 
This analysis reduced the list of potential candidates to 38 genes. They were 
included in the final stage of SGA verification. We noted amongst those candidates a 
number of genes with known functions, but also annotated ORFs encoding 
hypothetical proteins. 
For the final validation of the results of the large scale SGA screen, all the remaining 
38 Mata single deletion strains were again crossed with a Mata cdc13-1ts query 
strain. The obtained diploids were sporulated, microdissected and haploid double 
mutants {cdc13-1ts yfgA) were isolated. The colonies obtained from isolated spores 
were replica platted on appropriate media and exposed to permissive conditions 
(YPD; 23°C) and a series of restrictive temperatures (YPD; 30°C, 32°C, 37°C). 
Colony morphologies were analysed for all spores after the replica plated colonies 
had developed enough (usually after 2-3 days). First, spores containing a single 
mutation and double mutants were identified by assessing growth on selective media 
for the mutations (Figure 15 A). In this particular example, we can see that spore "A" 
of the tetrad is a double mutant cdc13-1ts ypr023cA. It does grow on both YPD 
containing geneticin (G418) and on media containing nourseothricin (CloNAT). The 
resistance to two antibiotics is conferred by presence of both KanMX4 deletion 
cassette (deletion mutant marker) and NatR (cdc13-1te mutation linked marker). 
Spore "D" of this tetrad is a single mutant, as it formed a well developed colony on 
CloNAT containing media, but was not able to form a viable colony on media 
containing G418. Consequently, this haploid contains only the cdc13-1ts temperature 
sensitive allele. 
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Figure 15. Verification of SGA results. Tetrad analysis. Replica plating. Example. 
B. C. 
A. Identification of single and double mutants. Red circle indicates haploid harboring 
double mutation cdc13-1ts ypr023cA (apparent growth in presence of either G418 
or CloNAT). This growth is provided by the presence of both mutation-linked 
marker geens conferring resistance to both antibiotics. 
Green circle indicates haploid harbouring single mutation co,c73-7te. This single 
mutant is able to grow on YPD+CloNAT only as the deletion cassette KanMX4 
conferring resistance to G418 is absent, therefore, wt gene is still present in its 
locus. 
Although four colonies are seen on YPD+G418 medium just the colonies A and B 
are viable. Underdeveloped colonies C and D consist of dead cells. These small 
colonies were able to form due to relatively high number of replica-plated cells. 
The drug G418 did not kill the cells immediately and allowed them to make a few 
divisions. 
B. Control confirming equal grow capabilities of all four analysed spores at permissive 
temperature in the absence of antibiotics. 
C. Haploid growth at a series of restrictive temperatures. Single and double mutant 
haploids are equally unable to grow at restrictive temperatures. 
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Second, single and double mutants' growth rates were compared on plates exposed 
to permissive temperature, in order to assure the absence of non-genetic factors 
influencing either single or double mutants' growth (Figure 15 B). 
Finally, the growth patterns of single and double mutants were compared, scoring for 
prevalent growth of double mutants at restrictive temperature conditions (30°C and 
above). Clearly, for the tetrad we have selected as an example, there is no difference 
in growth properties between the spore harbouring the cdc13-1ts allele alone as 
compared to the spore with both mutations (cdc13-1ts ypr023cA) (Figure 15 C). As 
control and as expected, spores "B" and "C" bearing a wt CDC13 allele are perfectly 
able to growth at temperatures exceeding 30°C (Figure 15 C). The same negative 
results were obtained with the remaining 37 candidate genes (data not shown). In 
order to ascertain the obtained negative results, another technique for colony growth 
comparison was used, patching instead of replica plating after microdissection. I 
considered this technique to be more sensitive and could probably reveal subtle 
differences in growth properties which were not detectable by the replica-plating 
technique. However, the analysis of patched tetrads yielded the same negative 
result. As an example see Figure 16 (A and B). 
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Figure 16. Verification of SGA results. Tetrad analysis. Patching. Example. 
A. 
B. 
Geneticin CloNAT +23oC +30oC +32oC +37oC 
Red arrow or dot indicates haploid harboring double mutation cdc13-1ts ypr160cA 
and cdc13-1ts ypr101wA. 
Green arrow or dot indicates haploid harbouring single mutation cdc13-1ts. 
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2. Adaptation To Telomere Uncapping 
2.1. Genes Regulating Adaptation To DSB Are Also 
Reguired For Adaptation To Uncapped Telomeres In tldA 
Survivors 
Based on the structural similarity of DSB and unprotected telomeres (discussed in 
"Introduction") and also on the fact that telomerase- and cap-negative survivors 
demonstrate abrogated checkpoint responses (Larrivee and Wellinger, 2006), we 
hypothesized that the genetic pathway controlling adaptation to a single irreparable 
DSB also controls the adaptation to telomere uncapping in telomerase negative 
survivors. In order to verify this hypothesis, we have selected a set of genes known to 
be involved in successful adaptation to an irreparable DSB (see "Introduction" for 
details): 
TID1 - involved in chromatin regulation and homologous recombination. tidIA cells 
fail to adapt to irreparable DSB (Lee et a/., 2001); 
PTC2 - phosphatase involved in checkpoint regulation, believed to have a role in 
Rad53p dephosphorylation. ptc2A cells are defective in adaptation to irreparable 
DSB(Leroyefa/., 2003); 
RFA1 - largest subunit of RPA (Replication Protein A). Involved in DNA replication, 
repair and recombination. The rfa1-t11 allele suppresses tidIA and ptc2A 
phenotypes. Permanent arrest of tidIA or ptc2A induced by irreparable DSB is 
alleviated by the rfa1-t11 allele. Therefore, with respect to adaptation, the rfa1-t11 
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allele is considered to be a suppressor of tidIA and ptc2A mutations (reviewed in 
Harrison and Haber, 2006). 
2.1.1. Strain Constructions 
The construction of strains harbouring a tidIA or a ptc2A allele was performed using 
the standard gene replacement protocol. The KanMX4 selective cassette flanked by 
40 nt sequences that were perfectly homologous to the sequences immediately up-
and downstream of target gene ORF was used as selective marker as described in 
"Material and Methods". The resulting strains containing TID1 and PTC2 ORF 
deletions, VKY19 and VKY12, were tested by means of PCR for successful 
integration of KanMX4 deletion cassette (Figure 17 A and B). The PCR used a 
forward primer complementary to sequences located upstream of endogenous gene 
locus and a reverse primer complementary to KanMX4 sequence. All deletions were 
carried out in diploid strain MLY100 (Larrivee and Wellinger, 2006). Resulting 
heterozygous strains (tidIA/ TID1 and ptc2/ PTC2) were transformed with the 
plasmid pcdc13-1 (Larrivee and Wellinger, 2006), sporulated, tetrads microdissected 
and tetrad analysis was carried out via replica plating on respective auxotrophic and 
YPD+G418 plates in order to isolate triple mutants {tldA cdc13A and tidIA or ptc2A 
respectively). The deletion of CDC13 gene in each strain was covered by the cdc13-1 
temperature sensitive allele present on the plasmid pcdc13-1. The resulting haploid 
strains VKY12 and VKY19 (see "Materials and Methods") were used for further 
experiments. 
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Figure 17. TID1 and PTC2 ORF deletion verification. 
A. PCR reaction using total genomic DNA extract from strain VKY19 
(tid1::KanMX4), in which the TID1 ORF is completely replaced with the 
KanMX4 cassette. Primers used for PCR: "TIDIpromoterFWD" forward primer 
(fwd) and "KMXORFverifREV" reverse primer (rev). Expected fragment size is 
962 bp. For wt TID1 (diploid wt strain) no band was expected, as the reverse 
primer has no homologous sequence to hybridise and the PCR product 
cannot be formed. PCR products were analysed on 1% agarose gel stained 
with ethidium bromide. 
B. PCR reaction using total genomic DNA extract from strain VKY12 
(ptc2::KanMX4), in which the PTC2 ORF is completely replaced with the 
KanMX4 cassette. Primers used for PCR: "PTC2promoterFWD" forward 
primer (fwd) and "KMXORFverifREV" reverse primer (rev). Expected fragment 
size is 1411 bp. Analysis was carried out as in A. 
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The construction of the strain harbouring the rfa1-t11 mutation was performed using 
a two step gene replacement method, also known as pop-in/pop-out method. 
Pop-in step. The integrative plasmid pJH1741 containing the rfa1-t11 allele was 
introduced into haploid strain RWY105 (Mata ade2-1 leu2A1 Iys2-801 ura3-52 
trp1A63 his3A200 DIA5-1 (ADE2-VR), resulting in the pop-in strain RWY106 (Mata 
RFA1::URA3::rfaU11 ade2-1 leu2A1 Iys2-801 ura3-52 trp1A63 his3A200 DIA5-1 
(ADE2-VR) (see "Materials and Methods", Figure 9). The presence of the integrated 
plasmid was verified by Southern blot. The above part of rfa1-t11 mutant strain 
construction was performed by R. Wellinger. 
Pop-out step. Due to the presence of large areas of homologous sequences, a 
certain proportion of cells may lose a large DNA fragment containing the URA3 
marker via homologous recombination events involving the flanking regions of the 
duplicated RFA1 locus. Such events can result in two types of ura~ clones: RFA1 and 
rfa1-t11, growth of which was selected on YC complete + 5'FOA plates. The 
identification of rfa1-t11 mutant strain was performed by replica-plating on MMS 
containing plates, as rfa1-t11 mutants are MMS sensitive (see "Materials and 
Methods", Figure 9). After identification of MMS-sensitive clones, the presence of 
rfa1-t11 mutation was confirmed by sequencing ("Genome Quebec Innovation 
Center", McGill University, Montreal). 
Triple mutant strain construction. The Mata rfa1-t11 strain was crossed with the 
double mutant Mata tlc1A::LEU2 cdc13A::NatR adel Ieu2 Iys5 ura3 trpl strain. 
Deletions of TLC1 and CDC13 in this strain were complemented with wt TLC1 gene 
on the pTLC1 plasmid and the temperature sensitive allele cdc13-1 on the pcdc13-1 
plasmid. The resulting diploid was sporulated, microdissected and triple mutants 
tldA cdc13A rfa1-t11 containing the pcdc13-1 plasmid were identified via replica 
plating of haploid colonies on appropriate auxotrophic media. 
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The selection was performed as follows: 
- growth on YC lacking leucine for tlc1A::LEU2; 
- growth on YC lacking tryptophan for pTLC1 (TRP1); 
- growth on YC lacking uracile for pcdc13-1 (URA3); 
- growth on YPD containing CloNAT (100 ug/ml) for cdc13A::NatR; 
- sensitivity to MMS (0.05% w/v) for rfa1-t11 (Figure 18). 
Figure 18. Isolation of rfa1-t11 mutant via colony growth test (spot test). 
YPD MMS 0.05% 
Pop-out clones in which the endogenous RFA1 has been restored are able to grow in 
the presence of MMS, while the clone containing the rfa1-t11 allele shows high 
sensitivity to MMS. A rad52A strain, known to be sensitive to DNA damaging agents 
was included as a control. The same strains were spotted on drug-free YPD medium 
as control. 
The presence of the rfa1-t11 allele was once again verified by sequencing in the final 
pop-out strain. Cells were streaked on non-selective rich YPD medium and after that 
replica-plated on YC media lacking tryptophan (YC -T) or uracil (YC-U). Clones able 
to grow on YC-U (selection for pcdc13-1 plasmid presence) and not able to grow on 
YC-T (selection for loss of pTLC1 plasmid) were used for generation of survivors in 
the following experiments. 
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2.1.2. Generation Of Survivor Strains 
The above mentioned haploid strains were grown for about 120 generation at 23°C in 
order for the cells to pass through senescence and generate post-senescence 
survivors (Figure 19). The procedure is explained in details in "Materials and 
Methods" section. 
After generation of the rfa1-t11 mutant survivor strain the presence of the mutation 
was re-verified by sequencing. 
Figure 19. Examples of generation of telomerase independent survivors. 
Generations: 20-40 40-60 60-80 80-100 100-120 
All three mutant strains underwent senescence between approximately 60 and 100 
generations. After 100 to 120 generations, telomerase-independent survivors arose. 
Generations indicated above represent approximate number of cells divisions after 
beginning of incubation at restrictive temperature conditions. 
Red arrowheads point to the plates where massive cell death was observed 
(senescence). 
Green arrowheads point to the plates with emerging telomerase-independent 
survivors 
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Southern blot analysis revealed that all three mutant strains generated type II 
survivors (Figure 20). Therefore, in all experiments described below, these mutants 
are compared to a control type II survivor strain. The failure to generate type I 
survivors could be due to a significant difference in growth properties between type I 
and type II survivors (discussed below). 
Figure 20. Mutant strains survivor type. 
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Total genomic DNA was digested with Xhol, subjected to electrophoresis in a 0.75% 
agarose gel, and analyzed by Southern blotting, using a telomeric probe (PCT300). 
The arrow points to wild-type (wt) terminal restriction fragment (TRF) (1) liberated by 
Xhol cleavage. Telomerase positive non-survivor strain (2) shows wt telomere. 
Mutants survivor strains (3-5) demonstrate heterogeneously sized TRFs, which is 
typical for type II survivors. 
M - marker (1 Kb ladder) 
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2.1.3. Single-Cell Analysis Of Cell Cycle Progression In The 
Adaptation Mutant Strains. 
In order to study the process of adaptation of newly created survivor mutants to 
telomere uncapping, the cells were exposed to restrictive temperature for Cdc13-1p. 
Single unbudded cells (presumably cells being in G1 phase of the cell cycle) were 
arrayed on YPD plates using a micromanipulator, exposed to 30°C and the cell cycle 
progression of each individual cell was monitored as described in "Materials and 
methods". Non survivor strain VKY20 {cdc13A deletion complemented with cdc13-1 
on plasmid) and type II survivor isogenic strains, MLY112 and MLY113, were used as 
controls. For each strain harbouring a mutation in an adaptation related gene, two 
independent clones were included in the experiment. Thirty two individual cells per 
clone were subjected to the analysis, totalling 64 cells per strain. 
Four hours after induction of telomere deprotection by exposure to restrictive growth 
conditions, about 30% of the control non-survivor cdc13A strain exhibited a clearly 
visible bud or were arrested prior to anaphase in G2/M (two cells stage) (Figure 21 
A). After 8 hours, more than twice as much cells (about 67%) progressed from single 
round unbudded G1 to two-cells stage and remained arrested at G2/M border up to 
at least 10 hours after telomere deprotection. After 24 hours, the vast majority of cells 
adapted to and escaped from G2/M arrest, resumed their cell cycle progression and 
formed microcolonies of up to 25 - 50 cells in size (Figure 21 A). During extended 
exposure for another 24 hours at 37°C, the size of microcolonies did not significantly 
increase. Further exposure to 37°C for another 72 hours resulted in cell death. 
In the other control strain, a telomerase-negative survivor (type II survivor), the G2/M 
arrest occurred much faster, already after 4 to 6 hours of exposure to restrictive 
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temperature, about 50% of the cells were arrested (Figure 21 B). After 8 hours at 
30°C, a fair proportion of cells (~32%) were able to escape from G2/M arrest and 
resume division. Several microcolonies of 7-12 cells in size were observed at this 
time. Later on, 10 hours after telomere uncapping, about 14% of cells initially 
deposited on the plate formed microcolonies of up to 12 cells in size. However, about 
20% of the cells remained arrested in G2/M after 10 hours. After 24 hours of 
exposure to 30°C, as many as 50 to 100 cells could be counted in some 
microcolonies, but the majority (approx. 25%) did not exceed 13 to 24 cells per 
colony (Figure 21 B). Further exposure to 37°C for another 24 hours resulted in 
formation of relatively big microcolonies of more than 100 cells in ~9% of initial G1 
cells, but the majority did not proliferate further than 13 to 50 cells per microcolony 
(-40% of initial G1 cells). After another 72 hours of incubation, none of these 
microcolonies were able to form viable colonies. However, on three out of four plates, 
in the areas where numerous cells were placed for micromanipulation, a small 
number of viable colonies emerged. Such rare viable colonies were observed only for 
the type II survivor control strain (data not shown and see below Fig. 25). 
Survivor strains (Figure 20) harbouring deletions of genes involved in DSB adaptation 
{tidIA and ptc2A) displayed, after telomere deprotection, a very different cell cycle 
progression pattern as compared to control type II survivor. Both mutant strains 
showed a rapid accumulation of G2/M arrested cells already 2 hrs after incubation at 
restrictive conditions (Figure 21 C and D) After 4 hours of incubation at restrictive 
conditions about 45% of cells (both tidIA and ptc2A) were arrested in G2/M. After 6 
hours, the number of G2/M arrested cells reached 65% and 50% for tidIA and ptc2A, 
respectively. The maximal proportion of cell arrested in G2/M was observed after 10 
hours: 70% for tidIA and 60% for ptc2A cells. For both adaptation defective mutants, 
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there was not a dramatic reduction of the amount of G2/M arrested cells even after 
24 hours at 30°C. About 55% of tidIA and ptc2A cells were still arrested in G2/M at 
this time (Figure 21 C and D). 
A very modest number of small microcolonies were able to form during subsequent 
incubation at 37°C for 24 hrs (Figure 21 C and D). However, all these cells died after 
further incubation of another 72 hours and no viable colonies were able to develop. 
Contrary to tidIA and ptc2A cells, the rfa1-t11 mutant survivors (Figure 20) reacted to 
telomere uncapping in a manner generally similar to the type II survivor control strain 
(Figure 21 B and E), with two remarkable differences to be noted: 
- first, the fast progression of approximately 55% of G1 cells to G2/M in just 2 
hours where they remained up to 4-6 hours. After 6 hours, there was a steady 
reduction of the number of cells arrested in G2/M due to resumed cell 
division; 
- second, the rfa1-t11 cells apparently underwent just 2 to 3 cell cycle divisions 
because they could form small microcolonies of no more than 6 cells after 10 
hours at 30°C (Figure 21 E). 
After 24 hours at 30°C, just slightly more than 10% of rfa1-t11 mutant survivor cells 
were still blocked in G2/M, similarly to type II survivor control strain. In very rare 
occasions, some microcolonies were fond to reach the size of almost 50 cells. 
However, the majority of microcolonies did not exceed 6 cells. Most importantly, 
unlike type II survivor control strain, none of above 3 mutant strains produced any 
viable colonies after continuous incubation for 96 hours at 37°C. All cells bearing 
defects in genes required for adaptation to DSB eventually died in our situation of 
telomere deprotection. 
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Figure 21. Requirement for gene products involved in adaptation to DSB in the 
formation of cap-independent survivors. 
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Figure 21. Requirement for gene products involved in adaptation to DSB in the 
formation of cap-independent survivors. (Continuation) 
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Figure 21. Requirement for gene products involved in adaptation to DSB in the 
formation of cap-independent survivors. (Continuation) 
rft1-tt1 UcIA cdc13A * pcdc!3-1 »urvlvors, « p o M d to 30*C, foUovwd by 24h i t 37*C 
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The number of cells (% of total observed cells for each strain) derived from G1 round 
unbudded cells, incubated on YPD non-selective media at conditions provoking 
telomere uncapping (see text for more details). 
2.1.4. The Rate Of Adaptation Events In Response To Telomere 
Uncapping. 
Having observed a difference in adaptation to telomere deprotection between 
survivors harbouring mutations in genes required for adaptation to a single 
irreparable DSB and a control survivor strain, I decided to determine the rate of this 
event per cell division cycle. For this purpose, I carried out fluctuation tests and used 
the Luria and Delbruck equation to calculate the rate of successful events of 
adaptation to continuous telomere deprotection per cell division (Luria, 1943) (see 
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"Material and Methods" for detailed description). This equation was originally used to 
calculate the mutation rate in bacteria, but it can also be employed to determine the 
rate of any rare event, assuming that all the cells divide at equal speed. The value, 
resulting from this equation, represents the frequency of a rare event per cell division 
(per generation) and, in our case, it indicates how often the adaptation to telomere 
deprotection can happen per cell division cycle. In other words, this value represents 
the number of cells required in order for one event of adaptation to continuous 
telomere deprotection to take place. Moreover, in my experimental setup, I was able 
to detect just those events of adaptation to telomere uncapping which resulted in a 
viable colony. 
The results of the fluctuation tests are presented in Figure 22. The rate for the control 
survivor strain was at 2.88 x 10"5 events of adaptation to telomere deprotection per 
cell division. Type II survivors harbouring deletions of genes important for adaptation 
to a DSB showed a dramatically lower rate, 4.3 x 10"1° for tidIA and 9.16 x 1fJ9 for 
ptc2A. These values were similar to the one obtained for a negative control strain, a 
non-survivor telomerase positive strain (cdc13A + pcdc13-1ts), namely 1.39 x 10"9. 
The survivor strain with the rfa1-t11 allele also yielded a very low rate of adaptation to 
telomere uncapping, i.e. 1.30 x 10"9, a value very close to that for the other 
adaptation defective mutant survivor strains and telomerase-positive control strain 
(Figure 22). 
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Figure 22. The rate of successful adaptation to telomere uncapping in survivors 
harbouring mutations in genes required for adaptation to a single DSB. 
1.00E-01 -I 
1.00E-02 
| 1.0CE-03 
2 
s t.OOE-04 
8 
i 
,g 100E-O5 
i 
I 1.00E-O6 
f 
| 1.00E-07 
1 OOE-08 
— 
— 
- — 
Swtar 
2.88E-05 
— 
——— 
____ 
dilli*J 
illlsi J? 
IN 
if! 
|3p'. "i 
1-3BT-09T 
l-l Su 
• , - , - . 3 ! 
-
uta Su*ar.MHi 
918E-0S 
m* Si 
-
-
: " " " • « 
:' - « 
139E-W 
11 
. ._ 
Survivor strains bearing mutations in genes required for adaptation to a single DSB 
fail to adapt to continuous telomere uncapping. 
All strains included in the experiment are type II telomerase-independent survivor 
strains with the exception of telomerase positive cdc13A non-survivor control. The 
adaptation rate values were obtained as a result of 20 independent experiments with 
each strain. 
2.2. The Telomerase- And Cap-Independent Survivors 
Recall Having Been In The Adapted State. 
The adaptation to telomere uncapping is a complex process that may involve 
significant changes in gene expression patterns and serious perturbations in cellular 
metabolism. In an attempt to verify if adaptation-associated modifications are 
reversible or not, I reintroduced the pcdc13-1 plasmid into two stable A13 strains 
(Larrivee and Wellinger, 2006), one of type I and the other type II (Figure 23). The 
telomeric cap in transformed cells was restored since these cells were grown at 
23°C, permissive conditions for Cdc13-1p. 
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For simplicity, these descendants of A13s transformed with the pcdc13-1 plasmid 
(A13s +pcdc13-1) were named "S2 survivors", while "A2 A13s" were derived from S2 
survivors after pcdc13-1 loss. As "S1 survivors" I refer to the telomerase negative 
classical survivors that are ancestors of "A1 A13" cells (Figure 23). 
2.2.1. Cell Cycle Progression Of S1 And S2 Survivors Following 
Telomere Deprotection. 
S1 survivor, A13 and S2 survivor strains of both I and II types were examined, at 
single cell level, for their progression through the cell cycle following telomere 
uncapping in a manner similar to the one described in section 2.1.3 of "Results". The 
results of these experiments are presented in Figure 24. 
S1 survivors of both types in which telomere capping is challenged for a very first 
time clearly show G2/M arrest after 4-6 hours of exposure to telomere uncapping 
conditions (Figure 24 A and B). Subsequently, the vast majority of these cells 
successfully overcome the G2/M arrest and they resume their cell cycle progression. 
Adaptation is faster in type II S1 survivor cells than in type I S1 survivors. The 
number of G2/M arrested cells begins to decrease after 8 hours for a type II strain 
(Figure 24 A). The majority of type I S1 survivor cells, however, remain arrested even 
after 10 hours (Figure 24 B). Further exposure (up to 24 hours) to telomere 
deprotective conditions resulted in more cells escaping form G2/M arrest and bigger 
microcolonies are formed in type II S1 survivors than in S1 survivor cells (Figure 24 A 
and B). The same tendency continued during the subsequent 24 hours of additional 
incubation at 37°C. The proliferation of S1 type II survivors was more vigorous 
compared to S1 type I survivor cells. Thus, S1 type II survivors produced more viable 
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colonies and they were bigger in size that those formed by S1 type I survivors (Figure 
24 A and B). 
The first progeny of cap-independent A13 survivors (A1) of both type I and type II 
were included in the experiment as controls. Surprisingly, a significant difference in 
cell cycle progression was observed between A13-I and A13-II strains. A13-II cells 
did not demonstrate any pronounced G2/M arrest, progressed steadily thought the 
cell cycle and quickly formed microcolonies (Figure 24 B). Almost 30% of initial G1 
cells formed microcoloines of 7 to 12 cells in size already after 8 hours. Due to this 
rapid cell growth, 45% of the initial cells formed colonies of more than 100 cells in 
size. Further exposure to 37°C for 24 hours allowed the vast majority of the cells 
(87%) to form colonies bigger that 100 cells per colony (Figure 24 B). Unexpectedly, 
most of the round unbudded A13-I cells (up to 62%) never resumed their cell cycle 
progression (Figure 24 A). Presumably, they remained arrested in G1. Amongst 
those A13-I cells that escaped G1 arrest, a significant proportion (17%) remained at 
the 2 cell stage, even after 24 hours (Figure 24 A), which suggests that they were 
permanently arrested in G2/M. The remaining 21% of A13-I cells monitored in the 
experiment successfully resumed cell division. These proliferating cells were able to 
form microcolonies of up to 24 cells after 10 hours and up to >100 cells after 24 
hours (Figure 24 A). 
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Figure 24. Cell cycle progression in S1 survivors, S2 survivors and A1 A13 
strains after telomere uncapping. 
51 - survivor cells, which were never subjected to adaptation to telomere 
deprotection. Prior to the experiment these cells were always incubated at 23°C. 
A13 (A1) - telomerase- and cap-independent survivors (Larrivee and Wellinger, 
2006). 
52 - A13 cells transformed with pcdc13-1 plasmid. Grown for approximately 50 
generations after transformation at 23°C. 
64 round unbudded cells of each strain were arrayed on a YPD plate surface.. Prior 
to the experiment, cells were grown in YC liquid synthetic medium lacking uracil to 
select for pcdc13-1 plasmid (except A13 strains: they were grown in complete 
synthetic medium). Cells were grown to mid-log phase at 23°C and then 
micromanipulated on YPD plates and exposed to 30°C. Cells were inspected visually 
at the indicated times for morphology and recorded as in Figure 21. 
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Type I and type II S2 survivor cells behaved quite differently after telomere 
uncapping. S2 type I survivors cells, similarly to S1 type I survivors, exhibited a 
pronounced G2/M arrest with a clear maximum of 44% at about 6 to 8 hrs after 
incubation at high temperature (Figure 24 A). It is noteworthy, however, that the 
adaptation and, respectively, the resumption of the cell cycle took place earlier in S2 
survivors than in S1 type I survivors (Figure 24 A). Moreover, type II survivors did not 
show any signs of cell cycle arrest in G2/M. Their cell cycle progression pattern was 
very similar to the one of A13-II and they did not display any visible accumulation in 
G2/M after exposure to telomere uncapping conditions (Figure 24 B). Therefore, after 
24 hours of incubation at 30°C, both types of S2 survivor strains formed 
microcolonies of much bigger size as compared to S1 survivors of the respective type 
(Figure 24 A and B). In S2 type II survivor strain this effect was even more 
pronounced. 
The improved proliferation capacity of S2 survivor strains after telomere deprotection 
was further confirmed after incubation of the plates at 37°C for another 24 hours 
(Figure 24 A and B) and for additional 72 hours at 37°C (Figure 25 A and B). From 
the observations made in these experiments (Figure 25), it became apparent that the 
recurrent telomere deprotection in S2 survivor cells leads to a development of viable 
A13 strains at a substantially higher rate. 
I refer to this phenomenon as a "memory effect" in order to highlight the ability of 
cells, like S2 survivor cells, that have earlier resided in an adapted state, to produce 
cap-independent A13 survivors more easily as compared to classical S1 survivors 
that have never been in a A13 state before. Thus, some important characteristics that 
cells acquire in the course of their first adaptation to telomeric damage remain stably 
present in those cells and help them to adapt faster during a subsequent exposure to 
telomere uncapping. 
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Figure 25. Both type I and type II S2 survivors are able to form well developed 
viable colonies at a much higher rate as compared to S1 survivors. 
A. Type I 
Survivor S1-I A13- Survivor S2-
\ ' \ • ; X 
1
 I ,D -lb *U \FD .?• -, 
B. Type II 
Survivors 1-11 A13-II Survivor S2-II 
An *n <^ n Ti In 
Cells were first incubated for 24 hours at 30°C, followed by 96 hours at 37°C. 
The frames indicate areas where cells were arrayed on the plates for microscopic 
observation. The arrows point to the area where the main mass of cells was 
positioned for further micromanipulation. 
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2.2.2. Rate Of Adaptation Events To Telomere Uncapping In S1 
And S2 Survivors. 
The discovery of a "memory effect" in S2 survivors, which helps them to adapt more 
efficiently to telomere deprotection, prompted us to examine the difference in 
adaptation rates between S1 and S2 survivors in more detail. To this end, the 
fluctuation analysis was carried out as described in "Materials and Methods". In this 
experiment, I compared S1 survivors of both types to two S2 survivor strains: (i) S2 
survivor cells grown for approximately 50 generations after transformation of A13 
cells with the pcdc13-1 plasmid; and (ii) S2 survivor cells grown for approximately 
220 generations after transformation of A13 cells with the pcdc13-1 plasmid. 
By including in the experiment S2 cells at different generations (50G and 220G) I 
hoped to obtain an indication as to whether the changes characterising the "memory 
effect" would be stably maintained and inherited in the cells during multiple mitotic 
cycles. 
As expected from the results obtained in the cell cycle progression experiment, in 
both types of S2 survivors at 50G, the rate of adaptation to permanent telomere 
deprotection was significantly higher than for S1 survivors of the same survivor type 
(Figure 26). S2 type I survivors were able to generate viable A13 colonies with the 
rate of ~105 times higher as compared to S1 survivors of the same type. S2 type II 
survivors were ~103 times more likely to produce cap-independent survivors as 
compared to S1 type II survivors. 
A comparison between S2 survivors grown for 50 and 220 generations did not reveal 
any dramatic reduction of their ability to produce A2 cap-independent A13 survivors. 
In the cells, grown for 220G after telomeric cap restoration prior to the second 
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telomeric uncapping, the increased capability to adapt to constant loss of Cdc13p 
was still retained, similarly to G50 S2 survivor cells. This enhanced ability to tolerate 
a second telomere uncapping was observed for both survivor types (Figure 24 A and 
B). 
It should be emphasized here that there is a striking difference in the ability of type I 
and type II survivors to produce A13 cells, the rates being lower for type I cells as 
compared to type II survivors (Figure 26 A and B). In fact, the value of successful 
adaptation to permanent telomere deprotection in type I survivor cells is similar to the 
one obtained for non-survivor cells: 7.99 x 10"9 and 1.39 x 10"9 events per cell 
division, respectively (Figure 26 A and Figure 22), while type II survivors give rise to 
A13s at the rate of 2.88 x 10"5 events per cell division (Figure 26 B). 
94 
Figure 26. The rate of successful adaptation to telomere uncapping in S2 
survivors. 
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The telomere uncapping adaptation rate values were obtained as a result of 20 
independent experiments with each strain. See text for more details. 
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2.2.3. Suppression Of Checkpoint Response In A2 A13 cells. 
It was demonstrated earlier that A13 cells are sensitive to agents causing DNA 
damage and replication stress such as MMS and hydroxyurea (HU). However, the 
reintroduction of a functional Cdc13p re-establishes functional checkpoints and the 
cells re-acquire the ability to resist to the drugs as wt cells do (Larrivee and Wellinger, 
2006). 
In the present study, the re-introduction of Cdc13-1p in S2 survivor cells should 
restore telomere protection if they are grown at permissive temperature of 23°C and, 
respectively, to reverse the sensitivity of their A1 A13 predecessors to DNA 
damaging agents. Furthermore, the checkpoint suppression and increased sensitivity 
to DNA damaging agents are predicted to re-appear again in A2 A13 cells derived 
from S2 survivors following their adaptation to a second telomere uncapping event. 
In order to test those predictions, the sensitivity of A2 A13 cells derived from S2 
survivors to HU was examined in a spot test assay. The serially diluted cell cultures 
were spotted on YPD solid medium containing 50mM HU (Figure 27.) As expected, 
S2 strains of both types appeared to be resistant to HU and demonstrated the same 
robust growth on HU-containing medium as S1 survivors. Interestingly, A2 A13 cells 
fail to grow on HU medium, just as the A1 A13s did that were derived directly from S1 
survivors (Figure 27). 
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Figure 27. HU sensitivity of A2 A13 cells. 
YPD HU 50mM 
The abbreviations on the left indicate the strains used: 
51 - survivor cells which were never subjected to adaptation to telomere 
deprotection. These cells were always incubated at 23°C. 
A1 - A13s, telomerase- and cap-independent survivors derived from S1 cells. 
52 - A13 cells transformed with pcdc13-1 plasmid. Cells are grown at 23°C for 
approximately 50 generations after transformation. 
A2 -A13s, telomerase- and cap-negative survivors derived from S2 cells. 
Right: The depicted cells were incubated for 72 hours at 23°C on YPD media 
containing the indicated concentration of HU. A DNA repair defective haploid rad52A 
strain was used as control for HU sensitivity. 
Left: The same serially diluted cell cultures were spotted on drug-free YPD solid 
medium as growth control. 
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DISCUSSION AND CONCLUSIONS 
1. A Genetic Screen For Suppressors Of The 
Temperature Sensitivity Of Cells Harbouring The 
cdc13-1 Allele. 
By performing a SGA-based screen, we hoped to identify the factors implicated in 
degradation of telomeric 5'-ends which occurs in the absence of the protective 
function of Cdc13p. At the beginning of this study, the results from a large scale SGA 
screen for genetic interactions between the cdc13-1ts allele and a single yeast ORF 
deletion appeared to be very promising. The initial analysis of growth properties of 
the entire panel of double mutants produced more than hundred potential candidates. 
All 111 double mutants demonstrated apparently better growth properties as 
compared to the neighbouring double mutants arrayed on the same plate and 
exposed to the same restrictive temperature conditions (see Figure 12 and Figure 
13). All of them were able to produce healthy looking patches at 33°C (see Figure 14 
for an example). The improved growth of these potentially positive double mutants 
could mean that the deletion of the corresponding single ORF leads to a reduced 
nucleolytic degradation at unprotected telomeres, thus suppressing the temperature 
sensitivity of cdc13-1ts cells. 
A further verification of these results however did not confirm my initial expectations. I 
crossed the original strain harbouring the cdc13-1ts allele with the corresponding 
candidate suppressor strains derived from the Yeast Knock-Out collection. The 
resulting diploids were sporulated, microdissected and the genotype of individual 
haploids were carefully verified. In the SGA experiment, the photographed colonies 
arose from a group of cells, while during the consecutive verification, all tested 
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strains, both single and double mutants, were derived from a single haploid spore. 
Generation of haploids from respective isolated single spores ensured reliable and 
clearly distinguishable phenotypes. 
As mentioned in the "Results" section, none of the putative suppressor genes found 
in the large scale SGA experiment reproduced a suppression of the cdc13-1ls 
temperature sensitivity. These negative results could be explained in two 
independent ways. One possibility could be the consequence of a technical detail of 
the query strain used for the SGA screen. As described in "Materials and Methods", 
the fourth step of the SGA screen procedure consists in transferring spores to solid 
nutrition medium lacking the amino-acid histidine. The medium lacking histidine was 
used to ensure selective growth of Mata meiotic progeny, as only these cells were 
expected to be able to express HIS3, due to the presence of the MFA1pr-HIS3 
reporter construct. Some tests were performed in order to verify the stringency of 
selective growth for Mata haploids on histidine lacking medium. These tests, carried 
out by R. Wellinger, showed that the expression of HIS3 driven by the Mata specific 
promoter (MFA1pr-HIS3) was not strictly selective for Mata haploids. Owing to some 
leakiness in the MFAIpr promoter, HIS3 was not only expressed in Mata haploid 
spores but also in Mata. The growth of haploids of both mating types allowed them to 
mate and form diploids, which were then able to survive and proliferate on media 
lacking histidine. Therefore, the lack of a tight selectivity for Mata haploids led to the 
formation of heterozygous diploids, which were not temperature sensitive due to the 
presence of wt CDC13 and gave rise to false positive, healthy-looking patches that 
were scored as candidate cdc13-1ts suppressors in the initial large scale SGA screen. 
A second very possible explanation for the negative results could stem from the well-
documented redundancy for exonuclease genes in yeast. My approach would only 
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work if a single exonuclease was responsible for the telomeric DNA degradation after 
loss of protection. The caveat of this genetic screen then is that other exonuclease 
activities could compensate the absence of the one deleted in the double mutant 
strain. Hence, it would be very difficult to register any cdc13-1ts suppression and 
improved viability at temperatures above 30°C in double mutants if another 
exonuclase substituted for the absence of function of the deleted one. The fact that 
the large scale SGA screen did not reveal any exonucleases known to be implicated 
in telomere processing, such as Mre11p (Larrivee et a/., 2004), Exolp, Rad17p or 
Rad24p (Lydall, 2003), supports of the above notion. Indeed, none of the double 
mutants cdc13-1 mre11A, cdc13-1 exolA, cdc13-1 rad17A or cdc13-1 rad24A did 
reveal any cdc13-1ts suppression at 33°C (data not shown). 
As well, the possibility of reversion of temperature sensitivity mutation cannot be 
neglected. This even, although having very low probability, could mask the effect of 
deletion mutation contributing to the improved growth of some patches in the first 
large-scale stage of the SGA screen. 
It is important to mention that only non-essential genes were included in the screen 
as only non-essential gene deletion can generate viable haploid strain suitable for 
this type of experiment. Possible role of one or several essential genes in 
unprotected telomere degradation is still to be investigated. 
The above results reemphasize that careful re-examination and individual verification 
of candidates obtained by large scale SGA approaches are indispensable 
experiments before going on to more involved projects using the identified genes. 
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2. Similarities And Differences Between Adaptation To 
A DNA Double-Strand Break And To Telomere 
Uncapping. 
2.1. Adaptation To A Double-Strand Break And To 
Telomere Deprotection Rely On the Same Set Of Genes. 
Previously, it had been shown that a certain proportion of telomerase-negative 
survivor cells, both of types I and II, is able to survive in the absence of the telomere 
capping protein Cdc13p (Larrivee and Wellinger, 2006). The authors introduced the 
cdc13-1ts allele on a plasmid into a yeast strain where TLC1 and CDC13 were 
deleted and subjected the transformants to restrictive growth conditions, where 
mutant Cdc13-1p was no longer able to protect telomeres (Larrivee and Wellinger, 
2006). Some of these cells were able to adapt to telomere uncapping, giving rise to 
telomerase- and cap-independent survivors called A13-I and A13-II (Larrivee and 
Wellinger, 2006). These strains were characterized in some detail and one of their 
newly-discovered features was their striking ability to continuously inactivate the DNA 
damage checkpoints. In addition, A13 strains were shown to be sensitive to DNA 
damaging and replication stress-inducing agents, such as MMS and HU respectively 
(Larrivee and Wellinger, 2006). In A13 cells exposed to DNA damaging agents, the 
phosphorylation of Rad53p, which is an important hallmark of checkpoint activation 
(Sanchez et a/., 1996), is dramatically reduced (Larrivee and Wellinger, 2006). These 
data suggested that the checkpoint response in A13 cells is abrogated. A similar 
phenomenon, namely cells dividing in the presence of irreparable DNA damage has 
been reported in the literature and is called adaptation (Lee et al., 1998; Toczyski et 
a/., 1997). Those cells also had abolished their DNA damage response, which 
explains their ability to re-enter the cell cycle. Furthermore, certain genes were 
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shown to be required for this adaptation to occur (reviewed in Harrison and Haber, 
2006). 
Several important questions remained unanswered in the earlier studies from our 
laboratory (Larrivee and Wellinger, 2006). For example, in the present study I have 
attempted to verify whether the molecular mechanisms regulating adaptation to a 
single irreparable DSB do also regulate adaptation to a loss of telomere capping. To 
address this question, I assessed the possibility of generation of A13 cells in survivor 
strains lacking genes known to be required for adaptation to a single DSB. The 
control non-survivor strain showed an accumulation of cells arrested prior to 
anaphase (G2/M arrest) after 6 to 8 hours of exposure to restrictive temperature 
conditions (30°C). These cells remain arrested in G2/M for at least 2 more hours. 
After 24 hours, however, the vast majority of them escape from the G2/M arrest and 
form microcolonies (Figure 21 A). Similar observations were made by Toczyski and 
colleagues (Toczyski ef a/., 1997). They exposed cdc13-1ts cells to restrictive 
temperature (32°C) and registered G2/M arrest after 4 hours with subsequent 
resumption of the cell cycle. In their experiment, cdc13-1ts cells were able to form 
microcolonies after 24 hours of exposure to restrictive temperature (Toczyski ef a/., 
1997), similar to what I observed in my study (Figure 21 A). Yet, cdc13-1ts non-
survivor cells exposed for longer time periods to restrictive temperature (24 hours at 
30°C and 24 hours at 37°C) are not able to proliferate indefinitely and do not form 
viable colonies. 
These data suggest that after loss of telomere protection in normal cells, the cells 
eventually are able to escape from the G2/M arrest. They appear to adapt to the 
continuous presence of ssDNA, a product of the telomeric 5'-end resection, that is 
also a major signal for checkpoint activation (Garvik ef a/., 1995; Zou and Elledge, 
2003). A similar effect was documented for the cells where a single irreparable DSB 
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was artificially introduced (Toczyski et al., 1997). In both cases, the cells sense the 
accumulation of ssDNA, activate the checkpoint and initiate G2/M arrest. After a 
certain time (up to 12-16 hours), the cells inactivate the checkpoint, escape from the 
G2/M arrest and resume the cell cycle progression. However, it is important to 
emphasize that normal (non-survivor) cells harbouring the cdc13-1ts allele are not 
capable to proliferate continuously. At best, such cells undergo about two to three 
divisions and eventually, they all die. In exceptionally rare cases, some cdc13-1ts 
cells could continue dividing and survive. If the latter happens, the rate of such an 
event is very low. Using fluctuation analyses, I determined that value as being as low 
as 1.39 x 10~9 events per cell division in these cells (Figure 22). 
Due to the significant differences between type I and type II survivors in their reaction 
to telomere deprotection (Figure 24 and Figure 26) and due to the fact that I could 
obtain following deletion of adaptation related query genes only type II survivors 
(Figure 20), only type II survivors were included in the comparative cell cycle 
progression experiment (Figure 21 B). The initial reaction to restrictive conditions of 
telomerase-negative type II survivor cells was generally similar as compared to a 
normal (non-survivor) cdc13-1ts strain. Exposure to restrictive temperature caused a 
marked cell cycle arrest in G2/M. However, as compared to normal cells, a more 
rapid accumulation of G2/M arrested (dumbbell-shaped) cells was observed in 
survivor cells, peaking 2 hours earlier (Figure 21 B). Moreover, unlike non-survivor 
cells, the proportion of G2/M arrested cells decreased form -52% at 6 hours to -33% 
at 8 hours in type II survivors after exposing the unbudded G1 cells to restrictive 
conditions (Figure 21 B). This indicates that type II survivor cells adapt more rapidly 
to the presence of ssDNA at their telomeres as compared to cdc13-1ts non-survivor 
cells. The faster adaptation in type II survivors was accompanied by a higher number 
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of microcolonies of upto 50-100 cells after 24 hours at restrictive temperature 30°C 
(Figure 21 B). 
Another important difference was revealed after further incubation at 37°C. Unlike 
non-survivor cdc13-1ts cells, type II survivors were able to produce larger 
microcolonies. Nine percent of cells initially arrayed on the plate formed 
microcolonies of more than 100 cells (Figure 21 B). Yet, none of the microcolonies 
observed during the experiment developed into a viable colony after prolonged 
incubation at 37°C. However, I was able to observe some colonies in the sector on 
the plate where the large mass of the initial survivor cells was placed for 
micromanipulation. The latter indicates that toleration of prolonged telomere 
deprotection tends to happen more frequently in type II telomerase-negative 
survivors, which maintain their telomeres via homologous recombination dependent 
mechanism, as compared to non-survivor cells that rely on telomerase to elongate 
their telomeres. This conclusion was supported by fluctuation test data (Figure 26 A 
and B). Type II survivors demonstrated about four magnitude higher rate of 
successful adaptation to telomere uncapping as compared to type I survivors (2.88 x 
10"5 for type II vs 7.99 x 10"9 for type I). These quantitative results confirm initial 
qualitative observation on substantially higher ability of type II survivors to tolerate 
telomere deprotection. 
Type II survivor strains harboring deletions of either TID1 or PTC2, two genes 
independently known to mediate the adaptation to a single DSB, demonstrated a 
similar behaviour at restrictive conditions. After telomere deprotection, both 
adaptation defective survivor cells very rapidly arrested in G2/M (Figure 21 C and D). 
They were not able to progress further in the cell cycle, even after 10 hours of 
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exposure to 30°C. The behaviour of adaptation deficient type II survivors to telomere 
deprotection therefore resembled closely that of non-survivor cells suffering an 
irreparable DSB (Lee et al., 2001; Leroy et al., 2003). Almost none of cells arrested in 
G2/M was able to resume the cell cycle after 10 hours of exposure to 30°C. 
Moreover, the vast majority of the arrested cells remained arrested, even after 24 
hours. The latter was true for both adaptation mutant survivor strains (Figure 21 C 
and D). Hence, very few mutant survivor cells were able to accomplish one or two 
cell division cycles and form microcolonies of less than 6 cells (Figure 21 C and D). 
These results show that, in spite of being dependant on recombination for 
maintenance of their telomeres, DSB adaptation defective mutant survivors are not 
able to adapt to the loss of telomeric capping. These cells are not able to overcome 
the G2/M checkpoint-mediated arrest caused by accumulation of ssDNA at telomeres 
and, therefore, fail to adapt. These findings support the hypothesis that the same set 
of proteins controls the adaptation to telomere deprotection and to irreparable DSB. 
As a consequence, only a very small number of cells was able to pass through one or 
two divisions and no viable colonies could be formed. 
A very interesting result was obtained from a similar experiment carried out with a 
type II survivor strain containing the rfa1-t11 allele. This allele has been reported to 
rescue a tidlA adaptation defective phenotype in non-survivor cells in which a single 
irreparable DSB is introduced (Lee et al., 1998). The rfa1-t11 allele by itself does not 
have any visible effect on adaptation to damage-induced G2/M arrest (Lee et al., 
1998). Yet, it helps otherwise wild-type cells to overcome the permanent arrest in 
response to two irreparable DSBs (Pellicioli et al., 2001). In my experiment, the type 
II survivor cells harbouring the rfa1-t11 mutation demonstrated a more rapid 
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adaptation to telomere deprotection as compared to both non-survivor cdc13-1 and 
wt type II survivor strains (Figure 21 A, B and E). The proportion of dumbbell-shaped 
cells reached its maximum after only 4 hours at 30°C and 2 hours later it begun to 
decline progressively (Figure 21 E). This observation conforms with the previous data 
showing that the raf1-t11 allele facilitates adaptation of arrested cells suffering two 
irreparable DSBs (Lee etal., 1998; Pellicioli etal., 2001). 
However, in spite of the very rapid and efficient escape from the G2/M arrest after 
telomere deprotection and relatively good growth of microcolonies (Figure 21 E), the 
raf1-t11 mutant type II survivors did not yield any viable colonies. 
This result suggests that the raf1-t11 mutant allele plays a positive role by improving 
the chances for G2/M arrested survivor cells to adapt to telomere-uncapping and 
accelerates the re-entry into the subsequent cell cycle. However, under those 
experimental conditions, in spite of an elevated proportion of adapted rfa1-t11 
survivor cells, this mutation does not yield a corresponding increase in the number of 
live A13 colonies. This phenomenon most probably can be explained by 
recombination deficient features of Rfa1-L45Ep protein encoded by rfa1-t11 allele 
(Umezu et al., 1998). Active and efficient homologous recombination seems to be 
required for successful adaptation to prolonged telomere uncapping and possibly a 
recombination-defective mutation rfa1-t11 does not allow the cells to generate viable 
cap-negative survivors. Since the rfa1-t11 itself is defective for producing cap-
independent survivors double mutants tidIA rfa1-t11 and ptc2A rfa1-t11 were not 
tested for a suppression phenotype. 
In order to reveal possible differences in the rate of generation of cap-independent 
survivors for all tested strains, fluctuation analyses were carried out. This analysis 
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confirmed the dramatic difference in the rate of events leading to toleration of 
continuous telomere uncapping between type II survivors and non-survivor cdc13-1ts, 
the former having a ~105 times higher chance to produce viable A13 cells and 
colonies. This dramatic difference confirms that the processes allowing the cells to 
maintain their telomeres in a telomerase-independent manner, i.e. by using 
homologous recombination, greatly facilitates the generation of type II cap-negative 
survivors. However, telomere maintenance via homologous recombination is not a 
sufficient factor to facilitate the generation of survivors type I A13 cells. The rate of 
A13s emergence from type I and type II survivor cultures differed dramatically. Type 
II survivors generate cap-independent cells at the rate of 2.88 x 10"5 events per cell 
division versus 7.99 x 10"9 events per cell division for type I survivors (Figure 26). It is 
very difficult to explain this significant difference. One possibility, however, could be 
related to a previously reported chromosome circularization in these cells (Larrivee 
and Wellinger, 2006). Presumably, chromosome circularization leads to a significant 
degree of genome instability, thus greatly reducing the fitness and viability of A13-I 
cells. 
Type II survivors lacking genes required for adaptation demonstrated very low rate of 
generation of A13 cells, the rates being very similar to non-survivor control strains 
(Figure 22). In both tested adaptation defective mutants, tidIA and ptc2A, the vast 
majority of the cells fail to adapt and escape from the G2/M checkpoint arrest. These 
cells quickly die and the pool of cells which potentially could give rise to A13 
survivors is not created. 
As compared to normal type II survivors, the rfa1-t11 mutant survivor strain also 
showed a much decreased rate of generating cap independent survivors. In fact, the 
rate is very similar to the one of adaptation defective mutant survivors and non-
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survivor cells: 1.39 x 10"9 (Figure 22). As noted above, the rfa1-t11 allele does not 
have any positive influence on the rate of appearance of A13-II from these cells. 
Moreover, the results from cell cycle progression experiment and fluctuation test 
analysis suggest that, despite an apparent adaptation to telomere deprotection, the 
rfa1-t11 allele rather has a negative influence on the A13-II generation. The 
underlying mechanisms of this negative role remain to be uncovered. 
These data support the idea that adaptation to DSB and adaptation to telomere 
uncapping are very similar processes that share regulatory pathways. However, the 
overlap may be limited to the initial stages of the generation of cap-independent 
survivors. Based on the experiments described above, I hypothesize that the 
generation of cap- and telomerase-independent survivors is at least a two-stage 
process. In the first stage, immediately after telomere deprotection (in this study 
achieved via mutant Cdc13-1p inactivation), the telomeric 5'-end is resected and 
ssDNA rapidly accumulates. This accumulation of ssDNA at the telomeres evokes a 
G2/M checkpoint activation and the cell cycle is arrested (Garvik et al., 1995). This 
cell cycle arrest was observed in all tested strains irrespective of their genotype or 
the way they maintain their telomeres (Figure 21). After several hours of a G2/M 
arrest and despite the continuous presence of telomeric DNA damage, the block 
causing the cell cycle arrest is abolished and cells re-enter the cell cycle. The 
resumption of the cell cycle is a necessary, but not sufficient, step for generating cap-
independent survivors. For example, telomerase positive non-survivor and rfa1-t11 
survivor strains are able to resume cell division but fail to produce viable colonies 
(Figure 21 and Figure 22). The latter suggests that an additional second step is 
required to take place in order to allow the cells to tolerate constitutive telomere 
uncapping and continue to divide. The first stage supposedly creates a pool of cells 
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that is insensitive to telomeric ssDNA damage. However, only a small proportion of 
those cells would be able to progress through the second stage and give rise to 
telomerase- and cap-independent survivors. The exact nature of the second stage is 
not entirely clear. Our data showing a low rate of adaptation to telomere uncapping in 
recombination defective mutant rfa1-t11 (Figure 22) suggest that active and highly 
efficient homologous recombination is one, but perhaps not the only, key factor for 
successful generation of cap-independent survivors. 
2.2. A13 Survivors Retain "Memory" For Telomeric Cap 
Loss. 
In their work, Larrivee and Wellinger, have reported on changes occurring in A13 
telomerase- and cap-independent survivors after reintroduction of a wt copy of 
Cdc13p (Larrivee and Wellinger, 2006). The authors noted that the expression of wt 
CDC13 leads to restoration of TRF in type I A13 survivors and loss of sensitivity to 
DNA damaging agents and replication stress. The latter observation is an indication 
for a reactivation of the ability to induce a checkpoint response in A13 cells 
expressing wt CDC13 (Larrivee and Wellinger, 2006). 
In this study I addressed the question whether the reestablishment of a functional 
telomeric cap can completely reverse all changes the cells have acquired in the 
process of transition to cap-independent growth. To answer this question I 
reintroduced the pcdc13-1 plasmid into A13 cells of both, type I and type II. The 
resulting S2 survivors were grown at permissive temperature 23°C (Figure 23). Next, 
to assay the ability of S2 survivors (both type I and type II) to adapt to telomere 
deprotection, individual unbudded cells were exposed to the restrictive temperature 
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for CDC13-1 (30°C) and their cell cycle progression was monitored. As Cdc13-1p 
was being inactivated at 30°C, the cells had once again to adapt to telomeric capping 
loss. Cell cycle progression of S2 survivors was compared to the one of S1 survivors 
that had never been exposed to restrictive temperature earlier. Also, A1 A13 strains 
were included in the experiment as a control. 
Type I and type II S2 survivors behave similarly after exposure to restrictive 
temperature. This similarity is manifested by a pronounced G2/M checkpoint 
response to telomere deprotection followed by adaptation and cell cycle re-entry 
(Figure 24 A). However, a considerable increase in the proliferative capacity of S2 
type I survivors after adaptation to telomere deprotection distinguishes them from 
their S1 ancestors. Comparing the size of the microcolonies developed after 24 
hours, it is easy to note the growth advantage of S2 survivors over S1 survivors. S2 
always formed microcolonies of much bigger size than those of S1 survivors (Figure 
24 A) and subsequent incubation at 37°C resulted in even larger colonies for S2 
survivors, something that I never observed for S1 (Figure 24 A). This result clearly 
indicates that in type I S2 survivors, the capacity to tolerate repetitive and continuous 
telomere uncapping has been significantly improved as compared to type I S1 
survivors that had never experienced a loss of capping. 
The A1 A13-I control strain showed very complex cell cycle progression pattern 
which is difficult to interpret (Figure 24 A). I speculate that the significant proportion of 
A13-I cells arrested in either G1 (62%) or in G2/M (17%) could be attributed to the 
presence in these cells of complex genomic rearrangements and ongoing genome 
instability, such as chromosome circularization (Larrivee and Wellinger, 2006). This 
type of genome rearrangement could reduce the potential for regrowth of the majority 
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of A13-I cells. However, a small proportion of A1 A13-I cells manages to escape both 
G1 and G2/M arrests and they are able to form microcolonies, which subsequently 
develop into viable colonies (Figure 24 A and Figure 25). 
In type II survivors, the difference between S1 and S2 is more dramatic. The cell 
cycle progression pattern of type II S2 survivors does not display any distinguishable 
marks of a G2/M checkpoint response activation. I was unable to register any 
significant accumulation of dumbbell-shaped (G2/M) cells within the first 10 hours of 
exposure to 30°C (Figure 24 B). The observed cell cycle progression pattern of S2 
survivors is very similar to the one of a A13-II strain, known to have an abrogated 
G2/M checkpoint (Larrivee and Wellinger, 2006), exposed to the same conditions 
(Figure 24 B). Considering the previously published (Larrivee and Wellinger, 2006) 
and my own data (Figure 27) showing that S2 survivors restore their G2/M 
checkpoint, this result demonstrates that in type II S2 survivors, the adaptation to 
telomeric DNA damage progresses significantly faster as compared to S1 type II 
survivors. Similarly to S2 type I cells, S2 survivors of type II proliferate much better 
under restrictive growth conditions as compared to S1 type II survivors. Moreover, in 
type II cells, this difference is even more pronounced than in type I. After 24h hours 
at 30°C, ~37% of type II cells were able to form colonies with more than 100 cells 
(Figure 24 B). After another 24 hours exposure to 37°C, the proportion of 
microcolonies of 100 cells and above increased to 52% (Figure 24 B). These results 
support the idea that S2 survivor cells retain some of the properties of their A13 
predecessors from the time before re-introduction of Cdc13p. The presence of some 
sort of "memory" in S2 survivors allows them to tolerate better the continuous 
telomere uncapping as compared to S1 survivors that have never been exposed to 
telomere deprotecting conditions. The results presented in Figure 25 lend additional 
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support to the notion that S2 telomerase negative survivors generate viable colonies 
of cap-independent cells much more readily than classical S1 survivors. S2 survivors 
were able to form 9 (type I) and 26 (type II) colonies out of 64 cells initially arrayed on 
the plate, while their S1 ancestors never formed any viable colonies (Figure 25 A and 
B). 
The abovementioned findings showing improved fitness and growth of S2 survivor 
cells at restrictive conditions were confirmed by quantitative fluctuation analysis 
carried out with the same strains (Figure 26). For this assay, two pools of cells were 
used. First, cells were grown for approximately 50 generations after transformation of 
A13 strain with pcdc13-1ts plasmid (50G); and second, the same strains following 
outgrowth for approximately 220 generations (220G). Surprisingly, I did not observe 
any major change in the rate of A2 A13s generation in the cells grown for 220 
generations after telomeric cap restoration as compared to their younger generation 
(50G) counterparts. There is a slight reduction of the rate of A2 A13s formation for 
advanced generation (220G) cells as compared to 50G cells. The latter is true for 
both survivor types (Figure 26 A and B). This slight reduction might indicate a gradual 
but very slow loss of the "memory" effect in S2 survivors in the course of generations. 
In order to characterise further the S2 survivors and their A2 A13 progeny, I 
assessed their HU sensitivity as described by Larrivee and Wellinger (Larrivee and 
Wellinger, 2006). In this experiment, I also included A2 A13 telomerase- and 
capping-independent survivor strains derived form S2 survivors of the respective type 
(Figure 27). The results of this assay confirmed the previously observed reversal of 
HU-sensitivity phenotype in A1 A13 cells. After the reintroduction of functional 
Cdc13p, S2 survivors became resistant to HU-induced replication stress, suggesting 
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reactivation of cell cycle checkpoint response (Figure 27). The regained checkpoint 
response and resistance to HU is entirely dependent on Cdc13p expression in the 
cells because after eviction of the pcdc13-1 plasmid, the HU sensitivity becomes 
once again apparent in A2 A13 cells. The restored checkpoint response in S2 
survivors would have to be shut-off in these cells again in order for A2 A13s to arise. 
Based on the above data I speculate that the observed improvement in S2 survivors 
fitness at restrictive growth conditions could be explained by some sort of irreversible 
(or very slowly reversible) modifications acquired by the cells after the loss of 
Cdc13p. It appears that S2 survivor cells are able to retain to a certain extent these 
modifications even after telomeric capping has been re-established via reintroduction 
of Cdc13p. One way to test this hypothesis would be to cross A1 A13 cells with wt 
cells, regenerate de novo S1 survivor cells (CDC13 deletion must be complemented 
with pcdc13-1) and repeat the assays described above. If there is no significant 
difference in the rate of A13s generation between "S1 survivors" and "de novo S1 
survivor", this experiment would indicate that there are no permanent or genetic 
changes in A13 cells. Another explanation for the discovered "memory phenomenon" 
takes into account possible structural rearrangements at terminal telomeric 
sequences acquired by A1 A13 cells of both types. If such structural rearrangements 
take place, they may subsequently be retained irrespective of whether a telomeric 
cap is present or not. A comparative analysis of chromosome terminal sequences in 
both S1 survivors and A1 A13 strains potentially may allow one to decipher this 
complex phenomenon in future. 
In summary, my work demonstrated that the same subset of genes regulating 
adaptation to DSB is also required for adaptation to uncapped telomeres in tlrfA 
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survivors in yeast Saccharomyces cerevisiae. I also discovered that if yeast cells had 
once experienced a telomere cap-independent state, they will re-produce capping 
negative survivors much more readily. In our laboratory we are currently examining 
this "memory" phenomenon and expect to reveal structural differences in telomere 
sequence arrangements. 
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